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‘Hey, Dave,’ said Hal. ‘What are you doing?’ [. . .]
A dozen units had been pulled out, yet thanks to
the multiple redundancy of its design—another feature,
Bowman knew, that had been copied from the human
brain—the computer was still holding its own.
Arthur C. Clarke, 2001 a space odyssey, 1968
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1 Introduction
In millions of years, nature has developed complex systems in order to process sensory
input: from single cells, over diffuse neuronal networks up to central nervous systems.
The following examples underline the importance of a better understanding of biological
sensing systems, neuronal networks and the interface between technical devices and nerve
tissue.
Biosensing systems in nature have evolved to the most sensitive detectors known.
Male silkworm moths (Bombyx mori) are able to detect with their antennae single
molecules of the sex pheromone Bombykol released by female moths [Kaissling and
Priesner, 1970]. Rod cells of the human retina carry an amplification system, that signals
the detection of a single photon [Berg et al., 2002].
In 1950 Alan Turing proposed a test to evaluate the intelligence of a machine [Turing,
1950]. The criterium was, if a real person communicating with both a machine and a
human – no visual nor acoustical information – is able to distinguish between the two.
Up to now, no machine has passed the test. To explain this result, the different ways of
information processing of brains and current computers have to be considered.
The first fully implanted neural prosthesis, the cardiac pacemaker, was developed by
Elmquist and Senning [1959]. The first multi-electrode cochlear implant was developed
by Clark et al. [1977] and successfully implanted in 1978. Today’s cochlear implants have
about 22− 24 electrodes using the tonotopic organisation of the basilar membrane of the
inner ear. Attempts to apply these principles of stimulation to vision or motor control
face the complexity of these systems and the lack of a “language” for communication
between cellular tissue and technical devices so far.
∞
The prerequisite to better understand information processing in biological systems is
to investigate signalling at cellular level. Widespread methods such as patch-clamp or
intracellular recordings are invasive and therefore limit the lifetime of contacted cells
to a few hours. In contrast, extracellular recordings in a biocompatible surrounding are
limited only by the cells’ lifetime on the sensor chips. Spinal monolayers still showed
vigorous electrical activity after 9 months in vitro [Gross, 1994].
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For extracellular multi-site signal recordings, two main concepts were developed in
the past: multi-electrode arrays (MEAs) [Pine, 1980; Gross et al., 1985] with metallised
contacts on silicon or glass substrates and field effect transistors (FETs) [Bergveld et al.,
1976; Fromherz et al., 1991].
Electrodes of MEAs are in direct contact to the electrolyte solution. They are made out
of materials such as metals (platinum, gold), oxides (IrO2), nitrides (TiN) etc. To lower
the input impedance, the electrode surface can be coated with appropriate materials
(e.g. platinum black). Electrons directly support redox-reactions at the surface and thus
facilitate a transition of electronic to ionic charge carriers. If the electrodes are fabricated
by means of a complementary metal oxide semiconductor (CMOS) compatible process,
on-chip multiplexing and signal processing is possible [DeBusschere and Kovacs, 2001;
Heer et al., 2004].
FETs have a gate oxide that prohibits an ohmic current, and no chemical reactions at the
surface are supported. FETs used for extracellular recordings have either non-metallised
transistor gates (also called open gates) with cells growing directly on the gate oxide
[Fromherz et al., 1991; Offenha¨usser et al., 1997; Krause, 2000], or metallised gates. The
latter are in direct contact to the electrolyte solution [Jobling et al., 1981; Brenner, 2001]
or they are electrically insulated, so-called floating gates [Offenha¨usser et al., 1995; Cohen
et al., 2004].
∞
The sensors presented in this work are of the floating gate type. They have two electrically
connected poly-crystalline silicon (polysilicon) layers: the transistor gate and the sensing
area on top. The sensing area is isolated from the electrolyte solution by a thin, thermally
grown oxide. This concept combines a transistor optimised for high transconductance and
low noise with a sensing area that was independently adapted to the size of an adhering
biological cell. Ions like sodium and potassium penetrating into the gate oxide are known
to deteriorate the properties of FETs. The sandwich design of the presented floating gate
transistors protects the gate oxide from the electrolyte solution and makes the devices
long-lasting and reusable for many times.
In a first fabrication process, sensor chips with n-channel transistors were fabricated
in our institute’s cleanroom facilities. The first part of the fabrication process was com-
patible to a standard CMOS process. The second part comprising interconnections and
passivation was developed during these studies. The floating gate FETs are individually
contacted and aligned in a 4 × 4 matrix. Chips with different geometries of gate and
sensing area were encapsulated and characterised, both microscopically and electrically.
To evaluate their function as cell sensors, extracellular signals from rat cardiac myocytes
were measured [Meyburg et al., 2005].
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The second fabrication process used in this work was an extension of the first pro-
cess. In addition to n-channel FETs, it contained steps to fabricate p-channel FETs and
capacitors. In this process, larger sensor arrays (up to 32 × 32) were realised by logical
addressing. The arrays were electrically characterised and signals from different cellular
systems, such as rat cardiac myocytes or genetically modified human embryonic kidney
(HEK) cells, were successfully recorded.
Another objective of this project was to build combined n- and p-channel floating gate
sensors, exposing a compound sensing area with the dimension of a single cell. These de-
vices are able to record signals from one cell with an n-channel and a p-channel floating
gate FET, simultaneously. The special geometry allows to observe extracellular signal
kinetics on both types of transistors. The chips were tested with genetically modified
HEK cells, a well characterised cellular system.
Lastly, arrays were built to apply extracellular stimulation pulses to the floating gate.
This allows to perform stimulation and registration with the same device. To keep the
gate floating, it has to be connected by a high-impedance component. The recording per-
formance of various devices was tested, and stimulation pulses were successfully applied
to cells.
9
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2 Basics of the Bioelectronic Signal
Transduction
2.1 Cell Membrane and Membrane Potential
The cell membrane separates the cell or subcellular organelles from their surrounding.
It consists of a double layer of lipids (e.g. phosphatidylcholine), about 5nm thick. The
amphipathic lipids have a hydrophobic part (nonpolar fatty acid tails) directed towards
the centre of the membrane, and a hydrophilic part (polar heads) directed towards both
surfaces. This barrier prevents the passage of ions and big hydrophilic molecules. Small
molecules such as gases (e.g. diffusion of CO2 or O2 into red blood cells), water and
lipophilic molecules can pass the membrane. Besides lipids, the membrane contains pro-
teins and carbohydrates. Proteins are either attached to the polar heads of lipids, or they
are incorporated into the membrane. Carbohydrates can be linked to polar heads of lipids
or to proteins at the outside of the membrane (fig. 2.1).
Fig. 2.1: Structure of a lipid bilayer with in-
tegral proteins, peripheral proteins and car-
bohydrates attached to proteins at the out-
side of the membrane.
An important group of membrane spanning proteins are transport proteins, divided
into ion channels (facilitated diffusion) and active transport proteins. These transport
proteins can be highly selective to certain ions or molecules.
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2.1.1 Ion Channels
Ion channels represent highly selective pores through the lipid bilayer, allowing certain
anorganic ions (such as Na+, K+, Ca2+ and Cl−) to diffuse along their electrochemical
gradient. The selectivity of the ion channel is determined by factors such as charge
distribution, size and shape of the pore. Ions are supposed to strip off their hydration
shell to pass the channel. In contrast to unselective water-filled pores, the diffusion
through ion channels has a maximum transport rate vmax.
Ion channels are opened and closed by “gates”, represented by conformation changes of
the channel protein (fig. 2.2). The gates are controlled by either the membrane potential,
bound ligands or mechanical stress. Voltage-gated ion channels are involved in the
generation of action potentials (chapter 2.1.4).
Fig. 2.2: Transport of a cation through an ion channel. A conforma-
tional change of the protein opens or closes the “gate”.
2.1.2 Active Transport Proteins
Substances transported by active transport proteins can be ions (such as Na+, K+ and
Ca2+), sugars or amino acids. The primary active transport requires energy from the
breakdown of phosphate compounds such as adenosine triphosphate (ATP). The energy
of the breakdown is used to move ions or molecules against their electrochemical gradient.
The secondary active transport requires the energy of an ion transported in the direction
of its electrochemical gradient. This energy is used to move another ion or molecule in
the same (co-transport) or the opposite (counter-transport) direction.
A very important primary active transport protein is the sodium-potassium ex-
changer. This protein complex moves in one cycle three sodium ions outwards and two
potassium ions into the cell and maintains the concentration differences responsible for
the resting potential. The ATPase function of the protein cleaves ATP into adenosine
diphosphate (ADP) and phosphate. The energy of the phosphate bond is used to change
the conformation of the protein complex and enables the ion transport.
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An example for secondary active transport is the anion exchanger band 3 of red blood
cells [Meyburg, 2000], important for the transport of CO2 from tissue to the lungs. The
diffusion of HCO− out of the cell into the blood is coupled to the diffusion of Cl− into
the cell (counter-transport).
2.1.3 Resting Potential
Ions inside and outside the cell are exposed to two different forces: diffusion (chemical
driving force) and electrostatic interactions (electrical driving force). If the membrane
is permeable for ions i, the equilibrium potential Ei can be calculated by the Nernst
equation
Ei = −RT
zF
· ln [i]in
[i]out
(2.1)
where R is the gas constant, T the temperature, z the valence of the ion, F the faraday
constant and [i]in and [i]out the ion concentrations inside and outside the cell, respectively.
Typical ion concentrations of intracellular and extracellular fluids are given in tab. 2.1.
Intracellular Extracellular
concentration [mM ] concentration [mM ]
Na+ 8-30 145
K+ 100-155 5
Ca2+ 0.0001 2
Cl− 4-30 120
HCO−3 8-15 25
Organic anions A− 100-150 -
Tab. 2.1: Chemical compositions of intra- and extracellular
fluids [Klinke and Silbernagel, 1994].
The resting potential of a cell depends on the ion concentrations and the perme-
abilities P i for these ions. The main contributing ions are potassium and sodium and –
depending on the cell type – chloride and calcium. Organic anions (negatively charged
proteins and amino acids, mainly at the inside of the cell membrane) cannot pass the
membrane. Most cells have the highest permeability for potassium, the resting potential
is close to the potential EK
+
calculated by eq. 2.1. Resting potentials measured with
methods such as patch clamp recording (chapter 2.1.5), generally vary between −40 and
−120mV [Schmidt and Thews, 1995]. The Goldman equation calculates the equilibrium
potential VM of a membrane permeable for potassium, sodium and chloride ions:
VM =
RT
F
· ln P
K[K+]out + P
Na[Na+]out + P
Cl[Cl−]in
PK[K+]in + PNa[Na+]in + PCl[Cl−]out
(2.2)
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Hodgkin and Huxley [1952] developed an equivalent circuit diagram to describe the
electrical properties of a cell membrane (fig. 2.3).
Fig. 2.3: Equivalent circuit di-
agram of a cell membrane ac-
cording to Hodgkin and Huxley
[1952]. The abbreviations are
explained in the text.
The cellular membrane acts as a capacitor, separating the intracellular from the extra-
cellular space. The specific capacitance cM is the capacitance CM of the cell membrane
divided by its surface area AM :
cM =
CM
AM
(2.3)
A typical value for the specific capacitance is cM = 1µF cm
−2 [Adam et al., 1988].
The ionic current through specific protein channels is determined by the equilibrium
potential or Nernst-potential Ei (drawn as batteries) and the conductivity Gi (drawn as
variable resistors). The specific conductance gi for ions i is related to the conductance Gi
by analogy to eq. 2.3. The membrane current IM for all ions i is calculated by
IM =
∑
i
I iM =
∑
i
Gi(VM − Ei) (2.4)
The conductance of the ion channels depends on outer factors such as the membrane
potential, ligands or mechanical stress. An example for a rapid change in conductance is
the voltage-gated opening of sodium channels during an action potential (chapter 2.1.4).
The leak L of the cell has a constant value (drawn as a battery plus constant resistor).
It is primarily caused by chloride ions. The current source on the right hand side of fig.
2.3 represents the sodium-potassium exchanger presented in chapter 2.1.2.
The specific electrical resistance ρM of an artificial lipid bilayer without transmembrane
proteins has a value of about ρM = 10
8Ω cm2. The bilayer acts as an electrical
isolator. The specific electrical resistance for natural lipid membranes, with ion channels
incorporated, varies between ρM = 1Ω cm
2 and ρM = 10
4Ω cm2 [Adam et al., 1988].
14
2.1 Cell Membrane and Membrane Potential
2.1.4 Action Potential
Fast signal propagation in electrically active cells is caused by a travelling wave of rapid
changes in the membrane potential. This was first observed by Cole and Curtis [1939]
by inserting micro-electrodes in giant axons of squids. The changes of the membrane
potential of a neuron are initiated by voltage-gated sodium and potassium channels. If
the membrane potential locally depolarises from the resting potential to a more positive
potential (from −65mV to about −30mV in figure 2.4), voltage-gated sodium channels
open and sodium ions diffuse inwards. The membrane potential rises immediately and
reaches a maximum peak ≥ 0mV . Some tenths of a millisecond later, the sodium chan-
nels close and stay inactive till the membrane potential returns to the resting potential
(refractory period).
Fig. 2.4: Action potential of
a neuron generated by the se-
quential opening of voltage-
gated Na+ and K+ channels.
The figure was adapted from
Kandel et al. [2000].
During depolarisation, voltage-gated potassium channels open and potassium ions diffuse
outwards. After inactivation of the sodium channels, the potassium efflux repolarises the
membrane. Potassium channels remain open some milliseconds after the membrane has
reached the resting potential – the membrane hyperpolarises to an even more negative
value, the so called afterpotential. When the potassium channels become inactive, the
membrane potential reaches its initial value.
If an action potential is elicited at a single spot of an excitable membrane, it is
propagated in all directions. The signal transmission between two cells is mediated by
electrical or chemical synapses (chapter 2.2). Unlike graded potentials that vary in rela-
tion to the size of the stimulus, action potentials follow the all-or-none behaviour, always
responding with full strength.
There are many variants of the basic types of ion channels with different kinetic be-
haviours. Besides the above mentioned voltage-gated sodium and potassium channels,
there exist many other channels and combined channels for several kinds of ions, respon-
sible for the different shapes of action potentials.
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2.1.5 Patch Clamp Recording
Patch clamp recording, developed by Neher and Sakmann [1976], was a further devel-
opment of intracellular recordings with sharp glass pipettes. The original intention was
to record activities of single ion channels with well defined electrolyte solutions outside
and inside the cell. Therefore, a pipette with a diameter of 1 − 2µm (fig. 2.5) is filled
with electrolyte solution and brought in contact with the cell. The measurements can be
performed in different configurations as described below.
Fig. 2.5: Scanning Electron Microscope
(SEM) image of a pipette tip used for patch
clamp recordings in this work. The pipette
was drawn with a P-97 micropipette puller
(Sutter Instruments Company, Novato, USA).
The filament visible at the lower left side of
the opening increases capillary forces. The im-
age was provided by F. Sommerhage and M.
Ho¨ller, taken with a LEO 1550 SEM (Carl
Zeiss AG, Oberkochen, Germany).
Cell attached The membrane is slightly sucked into the pipette to form a high seal
resistance in the GΩ range.
Whole cell The high resistance seal is performed as described for the cell attached
configuration. The membrane in front of the tip is opened with a
negative pressure impulse. Thus, an electrical contact between the
pipette and the intracellular solution is established (fig. 2.6). This
method is used in our experiments.
Outside-out The membrane is opened as for the whole cell recording configuration.
The pipette is then pulled away and the membrane seals the pipette,
exposing the outside of the membrane towards the bulk solution.
Inside-out The high resistance seal is performed as described for the cell attached
configuration. The pipette is then pulled away with the membrane
exposing the inside of the membrane towards the bulk solution.
Patch clamp experiments can be performed in two modes. The voltage clamp mode
was originally developed for intracellular recordings by Cole [1949] and Marmont [1949].
In this mode, a current is inserted into the cell (whole cell configuration) by a feedback
16
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Fig. 2.6: Patch clamp recording in the whole cell configuration. A:
Approaching the cell with a glass pipette. B: Forming a high resistance
seal between pipette and cell membrane. C: Opening the patch with a
negative pressure impulse.
circuit to fix the membrane potential VM at a chosen value. As no charge is accumulated
intracellularly, the injected current refers to the current ∆IM passing through the mem-
brane. By choosing appropriate intra- and extracellular solutions, it is possible to examine
the conductance behaviour of selected types of ion channels. Using this mode, Hodgkin
and Huxley [1952] explained action potentials with time-dependent changes in the mem-
brane conductivity for different ions. We use the voltage clamp mode to investigate the
kinetics of voltage-gated potassium channels in Human Embryonic Kidney (HEK) cells
(chapter 2.3.2).
In the current clamp mode, the current ∆IM inserted into the cell is fixed to a certain
level. A positive current injection depolarises the cell, a negative current injection hyper-
polarises the cell. If depolarisation exceeds a certain limit, voltage-gated sodium channels
may generate action potentials. Current clamp recordings are close to the natural situa-
tion. The current injection is related to the currents flowing into the cell through synapses
(chapter 2.2).
2.2 Synaptical Transmission
A synapse is the contact zone between two electrically active cells. There are two different
types of synapses for signal transmission, namely electrical synapses (chapter 2.2.1) and
chemical synapses (chapter 2.2.2).
2.2.1 Electrical Synapses
At electrical synapses, two cells are connected by transmembrane proteins, the so called
connexons. Every connexon represents a hemichannel of six connexin subunits. If two
connexons of adjacent cells bind, they build an aqueous connection between the cells.
This channel has a diameter of 1.5nm and is permeable for ions and small molecules with
a molecular weight up to 1,000 Dalton [Alberts et al., 1995]. An accumulation of several
17
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of these channels is called gap junction.
If an action potential proceeds through the presynaptic cell and approaches a gap junc-
tion, ions diffuse through the gap junction into the postsynaptic cell, producing a de-
polarising postsynaptic potential. If this potential is large enough, it triggers an action
potential in the postsynaptic cell. The latency between the presynaptic action potential
and the postsynaptic depolarisation is very short (fraction of a millisecond).
2.2.2 Chemical Synapses
A typical neuron is divided into four regions: dendrites, soma, axon and presynaptic
terminals with synaptic vesicles. Action potentials proceed through these cell regions in
the given order. A spinal motor neuron (fig. 2.7) receives about 10,000 dendritic contacts
[Kandel et al., 2000] converging to one single axon, branching again into many presynaptic
terminals.
Fig. 2.7: Motor neuron of the spinal cord.
The figure was adapted from Kandel et al.
[2000].
In contrast to electrical synapses, chemical synapses have a one-way signal transmis-
sion. The sending cell is called the presynaptic cell, the receiving the postsynaptic cell.
The synaptic cleft between presynaptic terminal and dendrite has a width of 20− 40nm.
The cell membrane covering the presynaptic terminals contains voltage-gated calcium
channels. They open when the presynaptic membrane is depolarised by an action po-
tential (fig. 2.8-A). The calcium influx triggers the fusion of synaptic vesicles containing
neurotransmitter molecules with the cell membrane, called exocytosis (fig. 2.8-B). The
neurotransmitter molecules are released into the cleft, reach the postsynaptic membrane
by diffusion and serve as ligands for postsynaptic receptor proteins. These receptor pro-
teins control ion channels either directly (fig. 2.8-C) or by a cascade of second messenger
molecules inside the cell.
Depending on the ion channel connected to the receptor protein, the transmitter
causes an excitatory (depolarising) postsynaptic potential (EPSP) or an inhibitory (hy-
perpolarising) postsynaptic potential (IPSP). Local EPSPs of the postsynaptic membrane
are superimposed and may generate an action potential. A single type of transmitter can
18
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Fig. 2.8: Schematic of an excitatory chem-
ical synapse triggering ligand-gated sodium
channels. A further description is given in
the text.
cause excitation or inhibition, depending on the type of ion channel at the postsynaptic
membrane. An overview of the most important transmitters is given in tab. 2.3.
Substance General effect
Acetylcholine excitation
Norepinephrine complex
Gamma-aminobutyric acid (GABA) inhibition
Glycine inhibition
Serotonin complex
Glutamate excitation
Tab. 2.3: Some of more than 40 known neurotransmitters
and their general effect.
The signal transmission of a chemical synapse is limited by diffusion and usually
takes 1 − 5ms and beyond. To enable a precise timing as well as a defined location of
the postsynaptic potential, neurotransmitters are eliminated very fast. This is done by
enzymatic cleavage or resorption by the postsynaptic terminal or surrounding glial cells.
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2.3 Cell Systems Used for Transistor Couplings
2.3.1 Rat Cardiac Myocytes
Myocytes of the heart are arranged in a lattice with dividing and recombining fibers. A
heart muscle cell has a typical elongated shape with the dimensions of 50-150µm × 10-
20µm with a central nucleus. A muscle fiber consists of many myocytes connected by
intercalating discs. These discs include gap junctions, connecting the cells to a functional
syncytium. The cells contain actin and myosin filaments that appear striated like a typical
skeletal muscle.
The electrical excitation is coupled to a mechanical contraction of the cells. The excitation
starts with the generation of spontaneous action potentials by pacemaker cells of the
sinoatrial or atrioventricular (AV) node. These action potentials spread over the atrium
myocardium, making it the first to contract. They then follow the Bundle of His pathway
culminating in the Purkinje fibers and causing the ventricular myocardium to contract.
The different cell types trigger action potentials of different signal shapes, as illustrated
in fig. 2.9.
Fig. 2.9: Signal propagation in the human heart. The action potentials belong to cells of the
corresponding anatomical structures. The figure was adapted from Klinke and Silbernagel
[1994].
Self-excitation of cells from the two nodes is triggered by a slow inward current of
calcium ions. In principle, every cell of the heart is able to trigger action potentials.
Cells from other regions of the heart are activated by a slow inward current of sodium.
The resting potential of a cardiac myocyte is about −90mV [Schmidt and Thews, 1995].
The inward current of calcium or sodium ions slowly depolarises the membrane. Cells
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that depolarise the fastest, generally cells of the sinoatrial node, start the excitation.
If the potential reaches about −70mV , fast voltage-gated sodium channels open and the
potential rises immediately to about +20mV . The fast sodium channels close within
a few tenths of a millisecond and remain closed till the membrane potential decreases
again to at least −40mV (refractory period). The fast depolarisation is followed by
a slow inward current of calcium and sodium ions through combined calcium-sodium
channels. They cause the plateau phase of the action potential that lasts 200-400ms.
Simultaneously, the permeability for potassium ions decreases by about a factor of
five, an effect that does not occur in the skeletal muscle. At the end of the action
potential, the permeability for calcium and sodium decreases while the permeability
for potassium rises again and draws the membrane potential towards the resting potential.
Cardiac myocytes are well suited to test the recording properties of extracellular cell
sensors, because the cells are spontaneously active. If the cell layer covers the whole chip,
it is possible to record signals from all channels of the chip, simultaneously. In addition,
cardiac drugs can easily be added and the effect can be examined by changes in signal
shape and beating frequency [Spro¨ssler et al., 1999; Ingebrandt et al., 2001; Yeung et al.,
2001a].
2.3.2 Human Embryonic Kidney Cells
The HEK293 cell line was generated by transformation of human embryonic kidney cell
cultures with sheared adenovirus 5 DNA [Graham et al., 1977]. This cell line is widely
used for a variety of studies. One of the most interesting properties of this cell line is the
very low density of ion channels and thus very low endogenous ionic currents. Especially
the density of potassium channels is relatively low [Zhu et al., 1998].
The HEK293 cells used in this work express a voltage-gated potassium channel from
the family of ether a` go-go (EAG) channels. The channel was obtained from the bovine
retina, the abbreviation is bEAG1 [Frings et al., 1998]. The beag1 gene was transformed
into the cells by means of a plasmid vector (pcDNA3.1, Invitrogen, Breda, Netherlands)
with the modified calcium phosphate method of Chen and Okayama [1988]. Transformed
clones were selected in the presence of an antibiotic.
Fig. 2.10 A and B show the stimulation of a bEAG1 transformed HEK293 cell in voltage
clamp mode. If the stimulation pulse exceeds a certain voltage (about −30mV ), the
potassium channels open. The resulting outward current rises and saturates after about
100ms. Fig. 2.10-C shows the corresponding I-V characteristics of the maximum current
amplitudes (at t = 0.23s) against the stimulation voltages. The kinetics of the channel
can be controlled by depolarising or hyperpolarising pre-pulses in voltage clamp mode, as
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Fig. 2.10: Patch clamp recordings of a
HEK293 bEAG1 cell. The cell is stimulated
in voltage clamp mode. A: Stimulation pulses
for 200ms from −120 to 130mV . B: Corre-
sponding transmembrane potassium current
IM . C: IM at t = 0.23s plotted against the
stimulation voltage VM .
well as by the presence of divalent cations such as magnesium or cobalt in the extracellular
solution [Frings et al., 1998; Scho¨nherr et al., 1999]. These variations make this type of
ion channel interesting for cell-transistor coupling experiments. Switching the potassium
channels to different kinetic states helps to establish a model to explain and to simulate
transistor recordings [Wrobel et al., 2005].
2.4 Metal Oxide Semiconductor Field Effect
Transistors
The first MOS FET was presented by Kahng and Atalla [1960]. Like a bipolar transistor, it
consists of two reverse-biased pn-junctions. In contrast to bipolar transistors, the control
voltage is separated from the doped regions by an insulating layer, resulting in lower
power consumption. In addition, MOS FETs can better be integrated on silicon wafers as
described below. In the following, only n-channel FETs are considered, but the principles
apply analogous to p-channel FETs.
An n-channel MOS FET consists of a p-type silicon substrate with two highly n-doped
(n+) regions, called source and drain (fig. 2.11). The region between source and drain is
covered by a thin insulating layer, called gate. The gate is contacted by either a metal,
heavily doped polysilicon or silicided polysilicon. The distance between source and drain
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is the channel length LG. The channel widthWG is the distance perpendicular to LG (not
visible in fig. 2.11).
Fig. 2.11: Schematic of an n-channel MOS FET.
Source, drain and gate are labelled S, D and G, respec-
tively. The bulk contact is omitted. LG refers to the
channel length, VGS to the gate-source voltage and VDS
to the drain-source voltage.
2.4.1 The Field Effect
At thermal equilibrium, electrons in a crystal distribute among the allowed energy states.
The Fermi-Dirac distribution fD(E) describes the probability that a state at the energy
E is filled by an electron:
fD(E) =
1
1 + exp
(
E − EF
kT
) (2.5)
with the Fermi level EF and the Boltzmann constant k. The Fermi-Dirac distribution
does not contain information about the states available for occupation. Quantum physics
gives the density of allowed states g(E) at a given energy. For an intrinsic semiconductor
it rises within the valence band E < EV (EV = valence band edge) as well as within the
conduction band E > EC (EC = conduction band edge), but it is zero in the forbidden
gap (EC < E < EV ). The intrinsic Fermi level Ei is often used as a reference level.
It is situated in the middle of the forbidden gap of an intrinsic semiconductor (electron
concentration [n] = hole concentration [p]). For a p-doped substrate ([p] > [n]), the Fermi
level EF is smaller than Ei (fig. 2.12).
Fig. 2.12: Energy-band dia-
gram of an ideal metal gate n-
channel FET. A: Closed state
with VG = 0. B: Open state
with VG > 0. The figure was
adapted from Ibach and Lu¨th
[2002].
The band diagram of a MOS FET includes three materials: gate electrode, gate oxide and
silicon substrate. The energy is plotted against the distance from the gate electrode to the
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substrate. The gate oxide and the interfaces between the materials are approximated as
free of charge carriers. The work functions of gate and substrate are supposed to be equal.
The off-state of such a device is shown in fig. 2.12-A. The two reverse-biased pn-junctions
prevent a current flow from source to drain. At VG > 0, the field at the surface of the
silicon substrate increases. Negative charge builds up in the semiconductor due to its
depletion, starting from the oxide-semiconductor interface. The depletion layer width
further increases with increasing gate voltage.
At more positive VG, the bands bend according to fig. 2.12-B, with Ei < Ef , called
inversion. Electrons accumulate underneath the isolating layer, shielding the electrical
field between gate and bulk. The voltage at which the electron inversion-layer forms, is
referred to as the threshold voltage Vth. The inversion region is called n-type inversion
channel, connecting source and drain. The conductance of the channel can be modulated
by varying the gate voltage. A bulk contact can be set to the reference voltage or be
reverse-biased. This voltage will also affect the channel conductance.
2.4.2 Characteristics
The characteristics of a FET usually comprise three plots: the output characteristics
IDS(VDS), the input or transfer characteristics IDS(VGS) and the transconductance gm,
calculated as the derivative of the transfer characteristics at constant VDS (fig. 2.13):
gm =
∂IDS
∂VGS
∣∣∣∣
VDS
(2.6)
Depending on the applied voltages, three different modes can be described:
Sub-Threshold Mode
If the gate-source voltage is smaller than the threshold voltage (VGS < Vth), the
drain-source current IDS should ideally be zero. For real FETs there is a subthreshold
leakage, responsible for the high power consumption of today’s integrated circuits.
Linear Region
If VGS > Vth and VDS < VGS − Vth, the FET operates like a resistor, controlled by the
gate bias. The drain-source current is calculated as
IDS = µncox
WG
LG
(
(VGS − Vth)VDS − V
2
DS
2
)
(2.7)
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Fig. 2.13: Characteristics of an n-channel
FET (LG = 2µm, WG = 20µm). A: Output
characteristics IDS(VDS) for VGS = 0 . . . 2V ,
5 steps. B: Transfer characteristics IDS(VGS)
for VDS = 0 . . . 1V , 6 steps. C: Transcon-
ductance calculated as the derivative of the
transfer characteristics.
with the carrier mobility µn of electrons in the channel and the specific oxide capacitance
cox = εox/dox, where εox is the dielectric constant of the oxide and dox its thickness.
The transconductance of the linear region is calculated as the partial derivative of the
drain-source current (eq. 2.7)
gm =
∂IDS
∂VGS
∣∣∣∣
VDS
= µncox
WG
LG
VDS (2.8)
Saturation
If VGS > Vth and VDS > VGS−Vth, the drain-source current is only controlled by the gate
bias, independently of the drain bias. In the saturation region, the drain-source voltage
can be approximated by VDS = VGS −Vth and the drain-source current can be calculated
from eq. 2.7:
IDS = µncox
WG
2LG
(VGS − Vth)2 (2.9)
The transconductance of the saturation region is calculated as the partial derivative of
the drain-source current (eq. 2.9)
gm =
∂IDS
∂VGS
∣∣∣∣
VDS
= µncox
WG
LG
(VGS − Vth) (2.10)
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The presented floating gate FETs are operated in this saturation region. The working
point of a transistor is set by applying appropriate voltages VGS and VDS. The measure-
ments in this work were obtained in the constant voltage mode, i.e. the voltages VGS and
VDS were fixed and the change of the drain-source current IDS was observed.
The carrier mobility µ is higher for electrons (µn = 1500cm
2V −1s−1) than for holes
(µp = 450cm
2V −1s−1), because of differences in the effective mass m∗ (m∗n  m∗e). The
given values are valid for perfect silicon at 300K [Sze, 1981]. As a consequence, the chan-
nel width WG of p-FETs in complementary MOS designs is generally multiplied by a
factor of 2−3, to result in the same transconductance at given VGS and VDS as n-channel
FETs.
2.4.3 Noise
Noise is a non-predictable, random process. Nevertheless, some statistical values can be
calculated. The time average of a signal A(t) is calculated according to
A = lim
T→∞
1
2T
∫ +T
−T
A(t)dt (2.11)
A refers to the direct current (DC) component of A(t). The deviation of A(t) from A,
the noise a(t), is given by
a(t) = A(t)− A (2.12)
By definition, the time-average of this value is zero: a(t) = 0.
The square value a2 gives the power of the signal fluctuations, also named variance σ2:
σ2 = a(t)2 = lim
T→∞
1
2T
∫ +T
−T
[a(t)]2dt (2.13)
This variance can also be calculated with eq. 2.12:
σ2 = a2 = (A− A)2 = A2 − 2AA+ A2 = A2 − 2A2 + A2 = A2 − A2 (2.14)
A2 is a unit for the total power, σ2 and A
2
refer to the alternating current (AC) and DC
components respectively. Thus the total noise power is calculated as the sum of DC and
AC noise power. The root mean square (RMS) value σ =
√
a2 is called the effective value
of the noise a(t).
The noise can also be plotted as a frequency spectrum (fig. 2.14). The spectral noise
density W (f) is the power of the frequency range ∆f = 1Hz. The total noise power is
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calculated by integrating the spectral noise density over all frequencies (eq. 2.15)
A2 =
∫ ∞
0
W (f)df (2.15)
In fig. 2.14, four characteristic regions can be distinguished:
Fig. 2.14: Typical noise spectrum W (f).
The figure was adapted from Mu¨ller [1990].
δ-peak A DC value of the signal is represented by a δ-function in the spectral
noise density at f = 0. This δ-function does not contribute to the
total noise power.
1/f-noise For low frequencies, the spectral noise density decreases with increas-
ing frequency.
White noise For medium frequencies, the spectral noise density is often indepen-
dent of the frequency.
Noise drop The total power and therefore the integral
∫∞
0
W (f)df (eq. 2.15)
must be finite. For this reason, the spectral noise density must drop
for higher frequencies.
Especially for MOS FETs, two kinds of noise dominate: thermal noise and
generation-recombination noise. Thermal noise arises from resistors such as feed lines,
drain and source contacts and the channel itself. This noise is evenly distributed over
the frequency range, also called white noise. The thermal noise voltage dV depends on
the value of the resistors and the temperature according to dV 2 ∝ R · kT . For our mea-
surements, the temperature is restricted by the biological cells (from room temperature
up to 38◦C). Hence to reduce noise, the resistance has to be as low as possible. This
can be achieved by using feed lines made out of a material with a low specific electrical
resistance. The dominating noise in our frequency range of interest (0.1Hz − 10kHz) is
the generation-recombination noise, also called flicker noise. The majority charge carriers
tunnel into traps of the oxide-semiconductor interface and back. These capture and emis-
sion processes induce a modulation of the channel conductance [Jordan and Jordan, 1965].
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The resting time of the charge carriers in the oxide depends on the tunnelling distance,
resulting in a 1/f spectrum. For higher frequencies, this effect becomes less dominant.
To reduce this flicker noise, the gate oxide must be of a good quality (less traps). The
channel can optionally be buried to increase the distance to be tunnelled through, and
thereby decrease the probability of this process [Voelker and Fromherz, 2005].
2.5 Signal Acquisition in Aqueous Solutions
In comparison to common MOS FETs, chips intended for measurement in aqueous
solutions have to be encapsulated (chapter 3.1.3) to protect the bondpads. The feed
lines and all non-sensor parts have to be passivated by a stable isolation layer. The most
simple sensor-FET for these purposes is the open-gate or non-metallised gate FET with
thermally grown SiO2 as gate oxide [Bergveld et al., 1976; Fromherz et al., 1991]. The
Fig. 2.15: Schematic of an n-channel open-gate FET,
enhancement mode. The electrolyte solution is grounded
via a Ag/AgCl reference electrode.
gate contact is left out and the electrolyte solution is in direct contact with the gate
oxide (fig. 2.15). The electrolyte solution is set to a defined potential by means of a
Ag/AgCl reference electrode. It is most convenient to set the potential to ground, to be
compatible with other electrophysiological equipment such as patch clamp amplifiers.
Another concept besides open-gate FETs are floating gate FETs, where a metallised
gate contact is electrically isolated against the electrolyte solution (fig. 2.16). This sensor
type behaves in analogy to an erasable programmable read only memory device (EPROM).
The charge situated on the gate cannot flow off, the gate is “floating”. There are different
Fig. 2.16: Schematic of an n-channel floating gate FET,
enhancement mode. Gate contact and sensing area are
drawn as one.
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possibilities to design floating gate sensors: (1) The sensing area can be the same as the
transistor gate [Bousse et al., 1988; Offenha¨usser et al., 1995; Bausells et al., 1999]. (2)
The sensing area can be situated outside the transistor area [Cohen et al., 2004]. (3: our
design) The sensing area can be situated on top of the transistor gate (sandwich design)
[Eversmann et al., 2003].
2.5.1 Electrolyte-Oxide-Semiconductor Interface
The surface of the gate oxide (open-gate FET) or sensing oxide (floating gate FET) carries
a certain charge, dependent on the type of oxide (in the following: SiO2) and the pH of
the solution. The primary chemical reactions occurring at the surface can be described
by the site-binding model for the electrolyte-oxide-semiconductor (EOS) interface [Yates
et al., 1974]:
SiO− + 2H+ 
 SiOH + H+ 
 SiOH+2 (2.16)
The surface may be neutral, negatively charged (higher pH) or positively charged (lower
pH). The pH-value at which the surface is neutral is called point of zero charge (pH 2
to 2.5 for SiO2 [Bousse, 1982]). The surface charge results in a potential Φ0 that is added
to the gate-source voltage VGS. If the system would show a perfect Nernstian behaviour,
the potential for a pH difference of 1 would calculated by eq. 2.1:
EpH =
RT
zF
· ln 10
1
≈ 58mV (2.17)
The value for real systems depends on the material of the gate insulator. An example for
a material showing nearly perfect Nernstian behaviour is Ta2O5 [Poghossian et al., 2001].
The value for SiO2 varies between 20 and 35mV/pH, depending on the pH and the surface
condition. The sensitivity of SiO2 is reported to be not stable and to show a long-term
drift (1−3mV/h at pH7) [Abe et al., 1979]. If the solution contains other ions beside OH−
and H3O
+, these ions are attracted or repelled by the charged surface as described below.
2.5.2 Stern Model
Other than the capacitance formed by the gate oxide, an additional capacitance
originates from ions at the surface, described by the Stern model. In the following, the
distribution of ions at charged metallic surfaces is described. The basic principles can be
transferred to SiO2 surfaces at a certain pH and a voltage drop VGS.
Helmholtz [1879] proposed the counter charge to be situated at the surface, separated
by a distance of molecular order, the so called Outer Helmholtz Layer (OHL). This
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counter charge compensates the charge of the surface; both together are named electrical
double layer or Helmholtz layer. Such a structure is equivalent to a plate capacitor
with the Helmholtz capacitance CH calculated by the general equation for plate capacitors
C = ε0εr
A
d
(2.18)
with the dielectric constant ε0, the relative dielectric constant εr, the area A of one plate
and the distance d = dOHL between the plates.
Gouy and Chapman developed this model further by considering the thermal move-
ment of ions [Gouy, 1910; Chapman, 1913]. They proposed a diffuse layer of ions at a
charged surface. The local ion concentration depends on the potential Φ at a distance d
from a surface with the potential Φ0:
Φ = Φ0 · exp
(−d
LD
)
(2.19)
with the Debye length
LD =
√
ε0εrkT
2n0z2e20
where n0 is the ion concentration (ions per volume) and e0 the elementary charge. The
distribution of anions (n−) and cations (n+) is calculated by
[n−] = n0 · exp
(
e0Φ
kT
)
and [n+] = n0 · exp
(−e0Φ
kT
)
(2.20)
In fig. 2.17, the ion concentrations and the potential Φ of a 0.1M sodium chloride solution
is plotted against the distance d from a surface with the potential Φ0 = 50mV . The
temperature is T = 293K (room temperature) and the relative dielectric constant of
water is εr = 78.49.
Fig. 2.17: Ion concentrations and poten-
tial Φ of a salt solution (0.1M NaCl) plot-
ted against the distance d to a metal elec-
trode (Φ0 = 50mV ). The concentrations
are calculated by eq. 2.20; the potential
Φ is calculated by eq. 2.19.
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The Debye length under these conditions is calculated to LD=0.96nm. The capacitance
CD of this diffuse layer is calculated by eq. 2.18, assuming an average distance of charge
separation [Bard and Faulkner, 1980]:
CD =
ε0εrA
LD
· cosh
(
ze0Φ0
2kT
)
(2.21)
The model of Gouy and Chapman is valid for monovalent salt solutions with a concen-
tration ≤ 200mM and surface potentials ≤ 50 to 80mV [Butt, 2001]. For higher salt
concentrations and surface potentials, the ion concentrations at the surface are predicted
too high.
To circumvent this limitation of the model, Stern divided the surface region into two
layers: the Stern layer and the diffuse layer [Stern, 1924]. The Stern layer corresponds to
the Helmholtz layer, a layer of ions adsorbed to the surface at the distance dOHL. The
diffuse layer corresponds to the model of Gouy and Chapman. The compound interfacial
capacitance CI is calculated as
1
CI
=
1
CH
+
1
CD
=
1
ε0εrA
dOHL + LD
cosh
(
ze0Φ0
2kT
)
 (2.22)
The situation is depicted in fig. 2.18.
Fig. 2.18: Stern model of an electrolyte solution at a charged metal
surface. Two highlighted planes are the inner Helmholtz layer (IHL)
and the outer Helmholtz layer (OHL). The figure was adapted from
Butt [2001].
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2.5.3 Point-Contact Model
The point-contact model [Regehr et al., 1989] is an idealised equivalent circuit describing
the coupling of an electrically active cell to a transistor (fig. 2.19). A patch pipette
with the parameters Cfast (pipette capacitance) and RS (series resistance of pipette +
broken patch membrane) is used to measure or to control the intracellular voltage VM .
In this model, the surface area of the cell is divided into the free membrane AFM and
Fig. 2.19: Point-contact model of the coupling between a cell and a
floating gate FET.
the junction membrane AJM . Between cell and transistor surface, a cleft of electrolyte
solution is formed with a height of 60− 110nm [Braun and Fromherz, 1998], depending
on the surface coating and the type of cell. This cleft represents a seal resistor RJ
respectively a seal conductance GJ . The ion channels i and the leak L of the membrane
are described by Hodgkin-Huxley elements (fig. 2.3). The electrical contact between cell
and transistor is simulated by a single contact point.
The capacitive and conductive contributions at the point contact with the potential
VJ are calculated by Kirchhoff’s law:
Csens · dVJ(t)
dt
+GJVJ(t) = CJM · d (VM(t)− VJ(t))
dt
+
∑
i
GiJM
(
VM(t)− VJ(t)− V iJ0
)
(2.23)
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with the capacitance Csens of the sensing oxide, the capacitance CJM of the junction
membrane, the conductivity GiJM for ions i of the junction membrane, and the reversal
potential V iJ0 of ions i in the cleft (in comparison to the reversal potential V
i
0 of ions i in
the bulk solution).
This expression can be simplified using the following approximations [Ingebrandt et al.,
2005].
• The capacitive current through the sensing oxide is neglected:
Csens
dVJ(t)
dt
≈ 0
• The potential at the point contact is small compared to the membrane voltage:
VJ(t) VM(t)
• The ion concentration changes in the cleft with respect to the bulk solution can be
neglected. As a consequence, the respective reversal potentials remain unchanged:
V iJ0 = V
i
0
These assumptions are applied to eq. 2.23:
VJ(t) =
1
GJ
(
CJM · dVM(t)
dt
+
∑
i
GiJM
(
VM(t)− V i0
))
(2.24)
The voltage in the cleft VJ can be simulated by feeding a fraction of the measured current
IM and the membrane potential VM in a simulation software for electrical circuits (e.g.
PSpice, Cadence Design Systems Inc., San Jose, USA). The parameters Cfast, RS, CM ,
GM are given by the patch clamp measurement. The parameters CJM , GJM and IJM are
calculated by multiplying CM , GM and IM with an appropriate scaling factor α. This
factor was approximated by Vassanelli and Fromherz [1999] to
α =
AJM
AFM
≈ 1
10
(2.25)
In eq. 2.24, GJ , CJM and all G
i
JM scale with AJM . Thus, the parameter AJM is cancelled
out and the simulations performed with this equation are independent of the ratio
AJM : AFM . For simulations considering extensions of the point-contact model, namely
electrodiffusion and the ion sensitivity of the surface, α has to be adapted to the
measured cell. From TEM-sections of HEK293 cells [Ho¨ller, 2005], a value of 28 ± 10%
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has been investigated. For our signal simulations (chapter 5.2.2 and 5.3), a value of 23%
turned out to result in a good signal simulation.
Because of the membrane capacitance CM , rectangular stimulation pulses applied to the
cell by a patch pipette result in capacitive peaks in the cleft. The capacitive transients
with an amplitude of V maxJ are recorded with the FET. The seal conductance GJ can be
calculated according to
GJ = CM · 1
V maxJ
· dVM(t)
dt
(2.26)
The point-contact model will be used to simulate the FET recordings of cardiac
myocyte signals (chapter 5.2.1). As will be shown in chapter 5.2.2, the model is not
suited to simulate FET recordings from HEK293 cells. Therefore, some extensions of the
model will be discussed in the next section.
2.5.4 Extension of the Point-Contact Model
Sheet Conductor Model
The consideration of a single point contact has been further developed by applying me-
thods of the cable theory [Weis et al., 1996]. The cell-transistor junction was modelled
as an extended planar core-coat conductor with the cell membrane and the SiO2 surface
of the chip insulating a thin sheet of electrolyte. This so called sheet conductor model
is more complex than the point-contact model. Nevertheless, the point-contact model is
well suited to quantify VJ as well as concentration changes of ions in the cleft [Brittinger,
2004] and will be used for the presented simulations.
Electrodiffusion
Electrodiffusion is the result of differences in ion concentrations between the cleft and
the bulk solution. These differences induce an electrodiffusive potential between cleft and
bulk [Ingebrandt, 2001; Brittinger and Fromherz, 2005].
In the following, a simple compartment model regarding the diffusion of potassium,
sodium and chloride ions is used. The cleft is considered as a cylinder with the radius
rJM and the height hcleft. Its volume Volcleft is calculated to
Volcleft = pir
2
JM · hcleft (2.27)
The area Acleft that is in contact to the bulk solution is calculated to
Acleft = 2pirJM · hcleft (2.28)
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In this model, no radial or vertical dependency of the ion distribution is considered.
The influx of ions from the attached membrane area into the cleft is idealised to occur
at the centre point (point of contact), only. This simplification requires the assumption
of a homogenous distribution of ions i in the cleft. The point-contact model requires
ions to diffuse from the centre of the cleft to its border and vice versa. The change in
concentrations of ions i (ciJ) induced by electrodiffusion is calculated by
∂ciJ
∂t
=
1
Volcleft
· ∂n
i
J
∂t
=
1
Volcleft
(
1
e0zi
· I iJM(t) + Acleft · ΦiJ(t)
)
(2.29)
with the number niJ of ions i in the cleft and the Nernst-Planck term
ΦiJ(t) = −Di
(
∂ciJ(t)
∂rJM
+
ziFc
i
J
RT
· ∂ϕ(t)
∂rJM
)
(2.30)
Di is the diffusion coefficient of ion i. The potential ϕ is mainly determined by the voltage
Vdiff induced by the concentration gradients of all considered ions. It can be approximated
by a variation of the Goldman-Equation (eq. 2.2):
Vdiff =
RT
F
· ln D
K+cK
+
J +D
Na+cNa
+
J +D
Cl−cCl
−
B
DK+cK
+
B +D
Na+cNa
+
B +D
Cl−cCl
−
J
(2.31)
with the diffusion coefficients given in tab. 2.5 and the bulk concentrations of ions i, ciB.
Usually, the Goldman equation is valid for closed membranes. However, eq. 2.31 is well
suited to approximate Vdiff for the compartment model [Wrobel et al., 2005].
Ion D [10−5cm2s−1]
K+ 1.96
Na+ 1.33
Cl− 2.02
Tab. 2.5: Diffusion coefficients
D of selected ions [Lide, 2001].
For the HEK293 cells, only K+ ions contribute to I iJM(t) in eq. 2.29. To preserve elec-
troneutrality within the cleft, the change in the number of potassium ions ∆nK
+
J has to
be compensated by ions from the bulk, with i =Na+ and Cl− (fig. 2.20):
∆niJ(t) = −zi∆nK
+
J ·
DiciB∑
i
DiciB
(2.32)
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Fig. 2.20: Schematic of electrodiffusion in the
cleft between a HEK293 cell and the chip sur-
face. K+ ions diffuse through voltage gated ion
channels into the cleft. To preserve electroneu-
trality, the concentrations of K+ and Na+ ions
in the cleft decrease, the concentration of Cl−
ions increases.
With eq. 2.31, the potential which is build up by a deviation of the ion concentrations
inside the cleft compared to the bulk values, can be calculated. To simulate the fully
recorded signal amplitude, an additional effect has to be taken into account.
Ion Sensitivity of the Surface
Silicon dioxide is sensitive for H3O
+ ions, but also to K+ and Na+ [Abe et al., 1979].
The K+-sensitivity of our open-gate p-channel FETs was reported to be SFET = 0.7 ±
0.5mV/pK for a concentration range from 0.1mM . . . 10mM [Wrobel et al., 2005]. Similar
values were also reported by Abe et al. [1979]. This sensitivity leads to a change Vis of
the surface potential of
Vis = SFET · log c
K+
J
cK
+
B
(2.33)
due to the increase of the K+ concentration in the cleft (cK
+
J ) compared to c
K+
B of the bulk.
In contrast to the point-contact model, both the potential Vdiff induced by electro-
diffusion and the potential Vis induced by the sensitivity of the surface depend on AJM
and on the contact topology. The contact topology refers to the height of the cleft hcleft
and the radius of the cell rJM .
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3.1 Chip Processing
During this work, two fabrication processes were applied. The first process was used to
build sensors with floating gate n-channel transistors. The second process was a complete
CMOS process with both n- and p-channel transistors, including the fabrication steps
of the first process. If not noted otherwise, the subsequent descriptions refer to both
of the processes. In the following, the general sensor architecture is presented, then the
fabrication process and the encapsulation procedure are considered in detail.
3.1.1 Sensor Design
The presented sensors are of the floating gate type. The floating gate consists of a tran-
sistor gate and a sensing area. The sensing area is situated on top of the gate, called
sandwich design. This design is space-saving and protects the gate oxide of the under-
lying FET from the electrolyte solution. Both parts are separated by a layer of silicon
dioxide and electrically contacted outside the active area.
The gate was designed in both, linear and meander shape. The linear gates (first fabrica-
tion process only) have a gate length LG of 1µm or 2µm. The meander shaped gates have
a gate length of 1.5µm (second fabrication process only) and 2µm. The gate length refers
to the designed measure, whereas the real value is smaller due to diffusion of the doping
atoms. The width WG of the gate is 27.5µm for linear gates and 77.5µm for meander
shaped gates. The different gates of the first fabrication process are shown in fig. 3.1. To
prevent shortcuts while measuring in an electrolyte solution, the chips were covered by a
passivation layer. The exposed parts of the sensing areas were etched free and thermally
oxidised to form a thin insulating layer. In the first process, six different shapes of sens-
ing areas (fig. 3.2) are combined with the different gates described above. The second
fabrication process was restricted to sensing area type D (fig. 3.2). The exposed surface
of the different sensing areas is given in tab. 3.1.
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Fig. 3.1: Different transistor gates of the first fabrication pro-
cess. The profile of the gate is drawn in black, the contact holes
between sensing area and transistor gate are shaded grey. A:
Linear gate (LG = 1µm, WG = 27.5µm). B: Linear gate (LG =
2µm, WG = 27.5µm). C: Meander shaped gate (LG = 2µm,
WG = 77.5µm).
Fig. 3.2:Different shapes of the
sensing areas. The profile of the
sensing area is drawn in black,
the contact holes between sens-
ing area and transistor gate are
shaded grey, the exposed sur-
face is hatched.
3.1.2 Fabrication Process
For the fabrication of the chips we used boron-doped silicon wafers (diameter 100mm,
orientation 〈100〉, 24 − 36Ωcm). Up to the self-aligned drain-source implantations, the
process corresponds to a twin-well, 1.3µm, double polysilicon, double metal CMOS pro-
cess of the Microfabrication Laboratory, University of California at Berkeley (http:
//microlab.berkeley.edu/). The subsequent steps including interconnects, passivation
and metallisation were developed during this work. In the following paragraphs, these
steps are briefly summarised. The letters refer to the schematics in fig. 3.3.
A) The wafers with defined gates and drain-source implantations were covered with
550nm silicon dioxide, deposited by standard low-pressure chemical vapour deposi-
tion (LPCVD). Drain and source contacts as well as contacts to the gate at both
ends of the transistor (not visible in fig. 3.3) were opened by reactive ion etching
(RIE).
B) A layer of 150nm n-doped polysilicon was deposited (LPCVD) to form the inter-
connects and the upper part of the compound floating gate, the sensing area. The
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Type Exposed surface area
[µm2]
A 760
B 460
C 370
D 225
E 100
F 25
Tab. 3.1: Exposed surface area of the different sensing areas.
layer was structured by RIE and some of the wafers were silicided with titanium to
decrease the sheet resistance from 80 to 4Ω/2.
C) The wafers were passivated with 100nm silicon dioxide by plasma enhanced chemical
vapour deposition (PECVD), 150nm silicon nitride (LPCVD) and 100nm silicon
dioxide (LPCVD), called ONO stack. The sensing area was opened by RIE and
thermally oxidised by rapid thermal processing (RTP) for 10min at 800◦C.
D) Finally Ti/Au bond pads were defined by a lift-off process (not shown in fig. 3.3).
Fig. 3.3: Three intermediate stages of the
fabrication process (n-channel FET). The
schematics show cross sections of the sensor
within the active area. Abbreviations: sens-
ing area (SA), source (S), drain (D), silicon
dioxide (O) and silicon nitride (N). Process
details are given in the text.
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A complete description of the CMOS fabrication process is given in appendix A. Fig.
3.4 shows schematic drawings of the sensor and the compound floating gate.
Fig. 3.4: A: Schematic of the floating gate sensor, not to scale. Silicon nitride of the ONO
stack is omitted for clarity. B: Schematic of the compound floating gate, not to scale. The
colour definitions are the same as in fig. 3.3.
Silicidation
The material of the interconnects and the sensing areas had to fulfill two requirements.
Firstly, it had to be compatible to our PECVD equipment, where metals such as gold are
forbidden. Secondly, it had to be possible to cover this material with a thin and stable
oxide layer for sensing purposes. Polysilicon is a well suited candidate, but its sheet
resistance is relatively high. Fig. 3.5 shows a sheet resistance scan of a 100mm wafer with
a thermally activated layer of 150nm polysilicon on silicon dioxide, measured with the
automatic resistivity measurement system AP-150 (Veeco Instruments Inc., New York,
USA). The sheet resistance increases from the centre to the edge, due to a non-uniform
polysilicon deposition. The lithographies were restricted to an inside diameter of 75mm.
Within this area, the sheet resistance varies between 80 and 90Ω/2.
The sheet resistance of polysilicon can be lowered by silicidation with titanium [Chang
and Sze, 1996]. If a layer of titanium is deposited over polysilicon and tempered, it reacts
to TiSi2 C49 phase and further to C54 phase according to
Ti + 2Si −→ TiSi2(C49) at T = 620◦C− 680◦C
TiSi2(C49) −→ TiSi2(C54) at T ≥ 750◦C
The specific electrical resistance of the C49 phase is about 3-4 times higher than that of
the C54 phase. At temperatures above 900◦C, titanium silicide degrades and its specific
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Fig. 3.5: Sheet resistance scan
of a 150nm layer of activated
polysilicon (n-doped) on silicon
dioxide. The outer circle rep-
resents the 100mm wafer. The
inner circle with a diameter of
75mm outlines the area used for
lithographies.
resistance rises immediately [Wong et al., 1986; Shenai et al., 1987; Umapathi et al.,
1998]. Unprocessed titanium can be etched with Standard Cleaning Solution 1 (SC1,
H2O : H2O2 : NH4OH = 5 : 1 : 1).
To find the optimum temper conditions, we compared different temper times and tem-
peratures of the silicidation. The test chips (1cm×1cm) had a layer of 150nm polysilicon
on silicon dioxide. The polysilicon of half of the test chips was thermally activated before
depositing 50nm titanium. The first temper step was for 30s at 675◦C or 700◦C. The
second temper step was for 10s, 20s or 30s at 850◦C. To prevent oxidation, the tempering
was carried out in an atmosphere of forming gas (10% H2, 90% N2, v/v). The excessive
titanium was etched by SC1 either in between the two temper steps or after temper step
2. The sheet resistance of activated polysilicon before silicidation varied between 70 and
80Ω/2. The different variations of the silicidation process resulted in a sheet resistance of
the test chips varying statistically between 2 and 4Ω/2. We could not identify “optimal”
temper conditions, they were all satisfactory. We decided to silicide the process wafers
without prior activation as follows:
• First temper step: 30s at 675◦C
• SC1 etching for 5− 6min
• Second temper step: 30s at 850◦C
Fig. 3.6 shows a sheet resistance scan of a 100mm wafer with a layer of 150nm polysilicon
on silicon dioxide, silicided with 50nm titanium. Again, the sheet resistance increases from
the centre to the edge of the wafer, due to a non-uniform polysilicon deposition. Within
the inside diameter of 75mm, the sheet resistance varies between 4 and 5Ω/2.
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Fig. 3.6: Sheet resistance scan
of a 150nm layer of polysili-
con (n-doped) on silicon diox-
ide, silicided with 50nm tita-
nium. The outer circle repre-
sents the 100mm wafer. The in-
ner circle with a diameter of
75mm outlines the area used for
lithographies.
The layer thicknesses after a perfect silicidation of titanium on polysilicon can be
calculated according to tables [Ostling and Zaring, 1995]. Under ideal conditions, 50nm
titanium on 150nm polysilicon should react to 122nm TiSi2 (C54 phase) and 39nm
of polysilicon remaining. Rutherford backscattering (RBS) measurements of 1cm × 1cm
chips silicided as the process wafers, were performed. In this experiment, 50nm titanium
on 150nm polysilicon reacted to 77nm TiSi2 and 76nm remaining polysilicon. Another
experiment, where a 100mm wafer was silicided as the process wafers, resulted in even
less TiSi2, analysed by Transmission Electron Microscopy (TEM), fig. 3.7.
The variations of the TiSi2 layer thickness might be related to the size of the sample;
the test chips of 1cm× 1cm resulted in better silicidation and thus thicker silicide layers
than 100mm wafers. The silicidation rate denoted in the literature could not be achieved
with our equipment.
Sensing Dielectric
Another important issue of the interconnect layer is the oxidation of the sensing area to
get a sensing dielectric. In general, it should be possible to thermally oxidise TiSi2 to get
SiO2. The temperature must not exceed 900
◦C as stated above. At 800◦C, a layer of SiO2
is formed, containing a significant amount of titanium [d’Heurle et al., 1983]. According to
D’Heurle, the presence of residual titanium in the oxide disappears at higher temperatures
(900 − 950◦C), but this temperature range might already degrade the titanium silicide.
Fig. 3.7 shows TEM preparations of two samples oxidised by RTP for 10min at 800◦C in
an oxygen atmosphere. The pictures were taken with a CM 20 TEM (Philips, Eindhoven,
Netherlands).
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Fig. 3.7: TEM image of polysilcon (A) and silicided polysilicon (B) on silicon dioxide. Both
samples were cut from 100mm wafers that had been tempered for 10min at 800◦C in an
oxygen atmosphere.
Sample A – polysilicon on silicon dioxide – has a crystalline appearance with a rough
interface. The thermally grown oxide follows this roughness and seems to build a dense
layer, about 22nm thick.
Sample B – polysilicon silicided with titanium – is divided into unprocessed polysilicon
below (about 120nm thick) and titanium silicide above (about 40nm thick). The ther-
mally grown oxide on the titanium silicide layer has a fluffy and incompact appearance.
These results confirm our decision to prevent the sensing areas from silicidation for the
second fabrication process. This could easily be performed by covering the sensing areas
with a thin layer of silicon dioxide before depositing titanium. Titanium does not react
with silicon dioxide and can be etched by SC1.
3.1.3 Chip Encapsulation
The chip assembly and encapsulation was – with some modifications – adapted from
Offenha¨usser et al. [1997]. The 5mm × 5mm chips are fixed to 28 pin (first fabrication
process) or 40 pin (second fabrication process) side-brazed dual in-line ceramic package
(DIL) chip carriers (Spectrum Semiconductor Materials, Inc., San Jose, USA) with a flip-
chip glue (Epo Tek H20E-PFC, Epoxy Technology, Billarica, USA), fig. 3.8-A. The chips
Fig. 3.8: Schematic drawings of the encapsulation procedure. Details are given in the text.
are then wire-bonded and a funnel made out of polydimethylsiloxane (Sylgard 182, Dow
Corning, Midland, USA) is fixed on the chip with a silicone glue (96-083, Dow Corning).
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The funnel with an inner diameter of 3mm leaves the centre of the chip exposed. In
addition, a glass ring is fixed onto the chip carrier, fig. 3.8-B. The space between glass ring
and funnel is filled with silicone glue and cured, fig. 3.8-C. A picture of an encapsulated
chip is shown in fig. 3.9. The encapsulation procedure results in a small petri-dish above
the chip, delimited by the height and inner diameter of the glass ring. This petri-dish can
be filled with up to 0.5ml medium, to support a cell culture for a couple of days.
Fig. 3.9: Picture of an encapsulated chip.
3.1.4 Chip Cleaning and Coating
The cleaning procedure was adapted from Offenha¨usser et al. [1997] with slight modifi-
cations. At first, the remains from previous cell cultures are mechanically removed from
the chip by rubbing the surface with cotton buds and ethanol (70%). The chip surface
is then cleaned by sonication in a detergent solution (2% v/v Hellmanex, Helma GmbH,
Mu¨llheim, Germany) for 3min. The detergent is removed by desalted and sterile filtered
(Milli-Qr) water and the chip surface is sonicated in Milli-Qr water for 3min. The
surface is cleaned and activated (formation of OH groups at the surface) by applying
25% (v/v) sulfuric acid solution at 80◦C for 30min. The acid is removed, the chips are
cleaned with Milli-Qr water and covered with ethanol (70%) for 10min for sterilisation.
The subsequent coating of the chip surface with proteins or peptides enhances the
cell adheasion. The choice of the coating depends on the cell type. In general, the proteins
or peptides physisorb to the chip surface because of the negative charge of silicon dioxide
at a pH greater than the point of zero charge (chapter 2.5.1).
Fibronectin Fibronectin is dissolved in phosphate buffered saline (PBS)
(12.5µg/ml). 30µl of this solution are applied to the center of each
chip. After an incubation for 30min at 37◦C, the surfaces are rinsed
twice with PBS.
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Poly-L-Lysine Poly-L-lysine is dissolved in PBS (100µg/ml). 30µl of this solution
are applied to the center of each chip. After 30min, the surfaces are
rinsed twice with PBS.
3.2 Experimental Setup
3.2.1 Setup for Chips of the First Fabrication Process
The FET amplifying system [Krause, 2000; Ingebrandt, 2001] consists of a headstage
and a main amplifier. The headstage (fig. 3.10-A) is made out of anodised aluminium. It
contains the pre-amplifiers, converting the drain-source currents of 16 individual chan-
nels to voltages. The electrical circuit limits the drain-source currents to 1mA. DIL chip
carriers (28 pins) are connected to the headstage via a zero-force socket. The headstage
can be covered with a lid and is designed to work with an upright microscope (Axiotech
100 Vario, Zeiss AG) and a water immersion objective (UMPLFL 20 × 0.5, Olympus
Deutschland GmbH, Hamburg, Germany).
The main amplifier (fig. 3.10-B) compensates any voltage offset automatically via a feed-
back loop (τ ≈ 10s) and further amplifies the signals by a factor of 100. The total system
shows a low-pass behaviour with the cutoff frequency at 3kHz [Spro¨ssler et al., 1998].
The feedback loop and the main amplifier can be switched off for the characterisation
of the FETs. The main amplifier includes a heating system and a battery supply for all
electronic components [Ecken et al., 2003]. 16 BNC connectors at the forefront allow the
signals to be analysed with external hardware, such as a dynamic signal analyser.
Fig. 3.10: A: Headstage with connection cables and lid for chips of the first fabrication
process. The dimensions of the headstage covered with a lid are (l×w× h) 8.5cm× 6.5cm×
5.3cm. B: Main amplifier for chips of the first fabrication process. The unit is 19 inch rack
mountable.
The main amplifier is connected to a personal computer (PC) by a multifunction
data acquisition (DAQ) board (PCI-6071E, National Instruments Corp., Austin, USA).
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A parallel input-output board (PIO-24 II, BMC Messsysteme, Maisach, Germany) con-
trols the drain-source and gate-source voltage applied to all 16 transistors. Furthermore,
it controls the switching between the measurement and characterisation circuits. Char-
acteristics, noise, drift and changes in pH are measured with software programmed by
Spro¨ssler [1997]. Data from cell couplings is sampled (12 bit, sampling rate 10kHz for each
channel) and processed with the software MED64 conductor 3.1 (Alpha MED Sciences
Co. Ltd, Tokyo, Japan). Fig. 3.11 gives an overview of the experimental setup.
Fig. 3.11: Overview of the experimental setup for chips of the first fabrication
process.
A Ag/AgCl reference electrode is connected to the electrolyte solution. It is set to
ground potential to be compatible with other electrophysiological equipment such as
patch clamp amplifiers. For time-dependent measurements, the drain-source and gate-
source voltages are fixed and changes in the drain-source current are measured (constant
voltage mode). The noise of the whole amplification system was reduced to less than 20µV
peak-to-peak [Spro¨ssler et al., 1998]. Fig. 3.12 shows the electrical circuit of headstage
and main amplifier.
Fig. 3.12: Electrical circuit of the amplification and feedback compen-
sation for one channel.
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3.2.2 Setup for Chips of the Second Fabrication Process
A new headstage (fig. 3.13) was made out of anodised aluminium. It has a patch panel to
control chips with single components, different sensor arrays and integrated circuits. The
headstage contains both pre- and main operational amplifiers (OP-amps) for up to 16
channels. DIL chip carriers up to 40 pins can be connected to the headstage via a zero-
force socket. Measurements in electrolyte solution can be performed with a grounded
Ag/AgCl reference electrode. The headstage has an adjustable heating system and is
connected to a DAQ board (PCI-6071E ). The headstage can be covered with two lids
(fig. 3.14) and is designed to work with an upright microscope.
Fig. 3.13: Headstage for sock-
ets up to 40 pins. 1: mount-
ing. 2: regulator for the heat-
ing system. 3: SCSI connector.
4: power supply. 5: zero-force
socket. 6: patch panel. The di-
mensions of the headstage cov-
ered with a lid are (l × w × h)
16.1cm× 12.1cm× 5.8cm.
Fig. 3.14: Headstage closed
with two lids for electrophys-
iological recordings. 7: LEMO
connectors. 8: Ag/AgCl refer-
ence electrode. 9: opening for
patch clamp recordings.
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Fig. 3.15 shows the electrical circuit of a FET connected to a single channel. The
pre-amplifier converts the drain-source current IDS to a voltage that can be recorded
with the DAQ board. This configuration is used for FET characteristics and I/V curves.
The electrical circuit limits the drain-source currents to 1mA. For measurements of small
signals like recordings from coupled cells, a DC offset of the pre-amplifier stage is com-
pensated by a voltage Vcomp. The main amplifier further amplifies the signal by a factor
of 10. The output signal is passed to both the DAQ board and a plug on the patch panel,
to connect external hardware such as a dynamic signal analyser or an oscilloscope.
Fig. 3.15: Electrical circuit of the amplification for one channel.
Fig. 3.16 shows the frequency response of the whole amplification setup, measured
with a lock-in amplifier (SR830 DSP, Stanford Research Systems, Sunnyvale, USA). The
electrical circuit has an intrinsic low-pass filter behaviour with the −3dB point at 5.6kHz.
This filter prevents aliasing effects for frequencies higher than half of the sampling rate
(Nyquist-Shannon sampling theorem). The sampling frequency of the presented measure-
ments is usually 20kHz.
Fig. 3.16: Frequency response of the whole
amplification setup, measured with a lock-in
amplifier. The −3dB point is marked with
dashed lines.
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The whole setup including a EPC 10 double patch clamp amplifier (HEKA Elektronik
Dr. Schulze GmbH, Lambrecht, Germany) is illustrated in fig. 3.17. The EPC 10 is
controlled by the software Patchmaster (HEKA Elektronik Dr. Schulze GmbH) and can
be triggered by the analogue output of the DAQ board. The current IM and voltage VM
of the patch clamp amplifier can be recorded with the DAQ board.
Fig. 3.17: Overview of the ex-
perimental setup for chips of the
second fabrication process.
Two software programs were developed with Borland Delphi 5.0 (Borland, Scotts
Valley, USA). The first one measures FET characteristics and I/V curves. The second
one separately characterises two FETs, sets them to a working point, and records the
amplified signals. The second program is also able to record IM and VM of the patch
clamp amplifier, to trigger the patch clamp software and to generate stimulation pulses.
A more detailed description of the software is given in appendix C.
The connectors of the patch panel are assigned as follows (Fig. 3.18):
DAC1 & DAC2 Two real-time outputs of the DAQ board for trigger and stimula-
tion purposes.
ADCs Analogue inputs of the DAQ board (16 channels).
Output Output signals of the second OP-amp stage (16 channels).
DACs Analogue outputs (16 channels). For FETs, the source contact is
connected here.
OPs Signal inputs of the first OP-amp stage (16 channels). For FETs,
the drain contact is connected here.
Gnd & VCC Voltage supply of 0V and +5V respectively.
LEMO out/in 4 connectors linked to 4 LEMO connectors at the front of the box.
Connectors 1-40 Links to the 40 connectors of the zero-force socket.
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Fig. 3.18: Connector assignment of the patch panel.
The compensation voltages Vcomp and the drain and source voltages VD and VS in
fig. 3.15 are provided by commercial digital to analogue converters (LTC2600, Linear
Technology Corp., Milpitas, USA), controlled by the digital outputs of the DAQ board.
The whole setup (fig. 3.19) includes a vibration damped table (Newport GmbH, Darm-
stadt, Germany), a faraday cage (homemade), electrical micromanipulators (Luigs &
Neumann Feinmechanik und Elektrotechnik GmbH, Ratingen, Germany), a microscope
(Axiotech 100 Vario) with a water immersion objective (UMPLFL 20 × 0.5) and the
patch clamp setup (EPC 10 double).
Fig. 3.19: A: Experimental setup. B: Close-up of the headstage with a water immersion
objective, a patch clamp pipette and a reference electrode.
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3.3 Cell Culture
This section describes the preparation of the cells used for this work. The preparation
protocols for the mentioned solutions are given in appendix B.
3.3.1 Rat Cardiac Myocytes
The preparation for the cardiac myocyte cell culture was adapted from [Denyer et al.,
1999; Meyburg et al., 2005]. Hearts of embryonic Wistar rats (Charles River GmbH,
Sulzbach, Germany), day 17, are removed, gently washed three times with ice-cold HBSS
(without NaHCO3) and minced. The chopped tissue is trypsinised for 8min at 37
◦C
(0.5mg/ml trypsin, 0.2mg/ml EDTA).
The supernatant is discarded and the remaining tissue is incubated at room temperature
with 100µl DNase II (10, 000 units/ml). After 3min, 2.5ml trypsin-EDTA is added and
the suspension is incubated for 8min at 37◦C. The supernatant is added to 4ml blocking
solution – Ham’s F-10 containing 33% (v/v) fetal calf serum (FCS) – to stop trypsinisa-
tion, and kept on ice. The dissociation is repeated twice with the remaining tissue.
The cell suspension is centrifuged for 10min at 200g. The pellet is resuspended in culture
medium and plated for 70min on 35mm dishes. During this differential adhesion [Denyer
et al., 1999], the myocyte to fibroblast ratio is increased, because fibroblasts have a higher
adhesion rate than cardiac myocytes. Most of the fibroblasts adhere to the dish and the
supernatant with the cardiac myocytes is centrifuged for 10min at 200g and room tem-
perature. Finally the pellet is resuspended in culture medium.
The cells are plated on fibrocectin coated chips at densities of 5, 000 − 12, 000 cells per
mm2 exposed chip area. The chips are kept at 37◦C and 5% (v/v) CO2 in an incubator.
The medium is replaced several times. After 2−3 days in culture, extracellular signals can
be recorded. For some of the measurements, the medium was replaced by an extracellular
electrolyte solution.
3.3.2 Human Embryonic Kidney Cells
Transformed clones expressing the bEAG1 channel (chapter 2.3.2) were selected in the
presence of 1.0mg/ml of the antibiotic G418 (Sigma Aldrich Chemie GmbH, Taufkirchen,
Germany). Isolated foci were propagated in culture medium with 0.8mg/ml G418. The
expression of EAG channels was determined by electrophysiological recordings. The cells
are cultured in 50mm dishes and split weekly.
Before the cells are plated onto the chips, they are trypsinised for 5min at 37◦C
(0.5mg/ml trypsin; 0.2mg/ml EDTA). Detached cells are suspended in culture medium
and centrifuged for 5min at 200g. The cells are plated on poly-L-lysine coated chips at
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densities of 700 − 1, 000 cells per mm2. The chips are kept at 37◦C and 5% (v/v) CO2
in an incubator. Signals can be recorded after 3 − 5 days. For the measurements, the
medium is replaced by an extracellular electrolyte solution.
The preparation of cultured HEK cells for the SEM was performed according to
Ho¨ller [2005]. The procedure is summed up as follows:
• Rinsing with PBS (2×)
• Fixation with 3% (v/v) glutaraldehyde in HEPES buffer (pH 7.3 adjusted with
NaOH) for 12h
• Rinsing with Milli-Qr water (2×)
• Dehydration with an increasing acetone concentration (20%, 40%, 60%, 80%, 100%,
100% (v/v); 30min each)
• Critical point drying
• Deposition of 10− 20nm gold by sputtering
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As described before, the chips considered in this chapter derive from two different fabrica-
tion processes. The first process resulted in individually contacted n-channel floating gate
transistors with gate lengths LG of 1 respectively 2µm, gate widths WG of 27.5 respec-
tively 77.5µm, and varying sensing areas from 25 to 760µm2. The FETs were controlled
by means of the headstage and software presented in chapter 3.2.1.
The second process resulted in both n- and p-channel transistors with gate lengths LG
of 1.5 respectively 2µm, a gate width WG = 77.5µm, and a sensing area of 225µm
2. The
wafers built with this second fabrication process contain 35 different chip designs. The
chips are divided into test structures, single components, integrated circuits and various
arrays of floating gate FETs for recording and stimulation purposes. The chips could be
individually contacted and controlled by means of the headstage and software presented
in chapter 3.2.2. The n-channel transistors are compared to those of the first fabrication
process, to verify their reproducibility. Furthermore, results from p-channel transistors,
combined n- and p-channel sensors, diverse sensor arrays and transistors for stimulation
purposes are presented. Finally, an evaluation of the long-term stability of the devices is
given.
4.1 n-Channel Floating Gate Transistors
4.1.1 First Fabrication Process
Microscopic Characterisation
The chips considered in this section derive from wafers with an interconnect layer out
of polysilicon and wafers with a silicided interconnect layer (fig. 3.3). The sensors are
arranged in a matrix of 4 × 4 identical floating gate FETs per chip with a spacing of
50µm. Each transistor has individual source and drain contacts. The sensing areas vary
as described in chapter 3.1.1. To be compatible with the amplifier setup, the chips were
bonded accordingly. This implied all source contacts to be connected (common source).
Fig. 4.1 shows two differential interference contrast (DIC) images of different chips. The
varying layers appear transparent for optical microscopes; the gates can be identified even
below the sensing area.
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Fig. 4.1: A: DIC micrograph of an array of 4 × 4 linear transistors (LG = 2µm, exposed
area 460µm2). B: DIC micrograph of a meander-shaped transistor (LG = 2µm, exposed area
100µm2).
To get a better impression of the surface topography, a chip with linear transistors
was sputtered with gold (10− 20nm) to prevent charging effects, and observed by SEM
(fig. 4.2-A). The surface of the sensing area appears rough. This is related to the grainy
Fig. 4.2: A: SEM micrograph of a linear transistor (interconnect layer silicided, LG = 2µm,
exposed area 460µm2). The meaning of the numbers is given in the text. B: Enlargement of
the center of (A). The linear gate stands out against the sensing area. The surface roughness
is due to the grainy consistence of the silicided polysilicon.
consistence of titanium silicide. The edge (1) of the sensing area (2) towards the ONO
stack is elevated as expected, because the window of the etched ONO stack was designed
0.5µm smaller than the underlying sensing area. The gate (3) stands out against the
sensing area due to its layer height of 450nm. The active area (4) is surrounded by local
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oxidation of silicon (LOCOS, 650nm) (5). The two square shaped contacts (6) connecting
transistor gate and sensing area are located outside the active area. The holes etched in
the field oxide to connect the two parts are larger than the contact itself. This results
in a trench surrounding the contact area. The source and drain contacts (7) are situated
left and right of the gate, inside the active area. The connected feed lines (8) stand out
against the passivation layer. The enlargement of the gate region (fig. 4.2-B) shows the
roughness of the sensing area.
To get a value for this roughness, the oxidised sensing area was analysed by Atomic
Force Microscopy (AFM). The measurement was done with the scanning probe micro-
scopeMultimode II together with the NanoScope IV Controller (Veeco Instruments Inc.).
Fig. 4.3 shows the scan of oxidised titanium silicide, prepared according to the fab-
rication process. The considered section has a size of 10.84µm × 10.84µm. To get a
value for the surface roughness, the real surface area was calculated with the AFM-scan
data. The ratio (real surface area : projected surface area) for the measured sample is
(120.6µm2 : 117.6µm2). The real surface area is important for calculating the capaci-
tance according to the equation for plate capacitors (eq. 2.18). The difference of 2.6%
between real and projected surface area is relatively small and will be neglected for the
calculations presented later in this chapter.
Fig. 4.3: AFM image of the oxidised sensing area (interconnect layer
silicided) without an underlying gate. The considered section is sized
(10.84µm)2. The z-axis has a resolution of 333nm/division.
Fig. 4.4 shows the scan of oxidised polysilicon, prepared according to the fabrication
process. The considered section has a size of 10.69µm× 10.69µm. The ratio (real surface
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area : projected surface area) for the measured sample is (114.4µm2 : 114.2µm2). The
difference of 0.2% between real and projected surface area is much lower as for oxidised
titanium silicide, reflecting the smoothness of the surface.
Fig. 4.4: AFM image of the oxidised sensing area (interconnect layer
polysilicon) without an underlying gate. The considered section is sized
(10.69µm)2. The z-axis has a resolution of 333nm/division.
A Focussed Ion Beam (FIB) etching (1540XB CrossBeam, Carl Zeiss NTS GmbH,
Oberkochen, Germany) through the active area of a sensor shows a cross section per-
pendicular to the linear gate (fig. 4.5). The FIB is performed with a gallium ion beam
perpendicular to the sample surface. The milling process can be observed by a SEM,
orientated at an angle of 54◦ to the surface. For the SEM micrograph, the chip surface
was sputtered with gold as described above. The transected area was not sputtered. This
led to charging effects of isolating layers such as SiO2 and Si3N4. These layers, as the
ONO stack and the LOCOS outside the active area (fig. 4.5, number 6), appear white at
the centre of their profile. The inset shows an enlargement of the gate within the active
area. The gate finger has profile dimensions of (w × h) 2µm × 450nm. The separation
between gate and sensing area is determined by a field oxide (TEOS) with an intended
thickness of 400nm for this sample. The thickness of the field oxide in the figure appears
smaller than 400nm. This might be related to inhomogeneities in the LPCVD deposition
process. Nevertheless, the field oxide seems to successfully separate and electrically isolate
the sensing area from the gate.
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Fig. 4.5: SEM micrograph of a transection
of a linear transistor (interconnect layer sili-
cided, LG = 2µm, exposed area 225µm
2) af-
ter FIB etching. 1: source area. 2: drain area.
3: polysilicon gate. 4: sensing area. 5: TiSi2-
interconnect layer. 6: passivation layer. The
inset shows an enlargement of the transistor
gate region.
Characteristics
The characteristics were measured as described in chapter 2.4.2. The drain-source
current is limited to 1mA by the system. The transconductance is calculated as the
derivative of the transfer characteristics. In contrast to a mere electrical measurement,
the gate is contacted via the electrolyte solution by means of a Ag/AgCl electrode. To
be compatible with other electrophysiological equipment, the electrode is set to ground
potential. Fig. 4.6 shows the characteristics of a meander shaped transistor. The output
characteristics have the typical shape with a linear and a saturation region; the transfer
characteristics have the typical sigmoidal shape. For cell measurements, the maximum
transconductance gm at a certain drain-source voltage VDS is chosen as working point.
The threshold voltage is Vth = 0.2V ; at gate-source voltages below Vth the current is zero.
The characteristics for linear gates (LG = 2µm) look similar (fig. 4.7). In general, the
maximum current IDS and the transconductance gm at given VGS and VDS are smaller
because of the smaller gate width WG (27.5µm in comparison to 77.5µm for meander
shaped gates). The threshold voltage is Vth = 0.5V . As will be described later in this
chapter, this value depends on the charge on the floating gate.
The maximum transconductances of the various chips (LG = 2µm) were measured
at VDS = 0.5V . The values are plotted against the exposed sensor area (fig. 4.8). Every
measuring point represents the mean value of all working sensors (n = 7 to 16) of a single
chip. The different sensor types are represented by different symbols as described in the
figure caption. The error bars indicate the calculated standard deviation. The variation
of the transconductance of different transistors on one chip is related to fluctuations of
the fabrication process, as well as to different lengths of the feed lines.
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Fig. 4.6: Characteristics of an n-channel
floating gate FET (meander shaped gate,
LG = 2µm, exposed area 225µm
2). The char-
acteristics were measured in Milli-Qr wa-
ter with a Ag/AgCl reference electrode. A:
Output characteristics IDS(VDS) for VGS =
0 . . . 1V , 6 steps. B: Transfer characteristics
IDS(VGS) for VDS = 0 . . . 0.5V , 6 steps. C:
Transconductance calculated as the deriva-
tive of the transfer characteristics.
Fig. 4.7: Characteristics of an n-channel
floating gate FET (linear gate, LG =
2µm, exposed area 225µm2). The charac-
teristics were measured in Milli-Qr water
with a Ag/AgCl reference electrode. A: Out-
put characteristics IDS(VDS) for VGS =
0 . . . 1.4V , 8 steps. B: Transfer characteristics
IDS(VGS) for VDS = 0 . . . 0.5V , 6 steps. C:
Transconductance calculated as the deriva-
tive of the transfer characteristics.
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Fig. 4.8: Maximum transconductance of different sensor types (LG =
2µm) at VDS = 0.5V plotted against the size of the exposed sensing
area. The symbols stand for: meander shaped gates ∇ and linear gates
4 (interconnect layer titanium silicide); meander shaped gates O and
linear gates  (interconnect layer polysilicon).
The chips with silicided interconnections have a larger transconductance than those
with interconnections out of polysilicon. This is due to differences in the sheet resistance
(chapter 3.1.2), because a part of the applied drain-source and gate-source voltages drops
at the resistance of the feed lines. This voltage drop is higher for the polysilicon layer,
and decreases the real drain-source and gate-source voltages applied to the transistors.
The mean scaling factor gm(TiSi2) : gm(poly-Si) is 3.3 for meander shaped FETs and 2.6
for linear FETs.
In addition, the meander shaped gates result in a larger transconductance than the
linear gates. This can be explained by the larger width WG of meander shaped transistor
gates (77.5µm) in comparison to linear transistor gates (27.5µm). According to eq. 2.8
and eq. 2.10, the drain-source current and therefore the transconductance is scaling
with WG. The mean scaling factor gm(meander gate) : gm(linear gate) is 1.4 for FETs
with a silicided interconnect layer and 1.1 for FETs with an interconnect layer out of
polysilicon. These scaling factors are notedly lower as eq. 2.10 predicts. A reason for this
behaviour could be the geometric shape of the meander gate, resulting in a lower gm
compared to a linear gate with the same width.
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The presented floating gate devices can be described in a first approximation by
a capacitive divider-model [Minch, 1997] with three capacitors (fig. 4.9): Csens of the
oxide covering the sensing area, CFG of the gate oxide, and Cpar for additional parasitic
capacitances.
Fig. 4.9: Equivalent circuit of the floating gate. The considered
capacitances are Csens (sensing area), CFG (gate) and Cpar (parasitic
capacitances).
The voltage of the floating gate VFG is determined by
VFG · Ctot = Q+ Csens · Vsens
⇐⇒ VFG = Q
Ctot
+
Csens
Ctot
· Vsens (4.1)
with the charge Q of the floating gate, the input voltage of the sensor Vsens and the total
capacitance
Ctot = Csens + CFG + Cpar. (4.2)
The charge Q of the floating gate (eq. 4.1) is assumed to be zero. The capacitive coupling
of the sensor input compared to the gate input is calculated dividing VFG by Vsens. This
ratio is called coupling factor CF :
CF =
VFG
Vsens
≈ Csens
Ctot
=
csens · Asens
cFG · AFG + Cpar + csens · Asens
=
csens · Asens
AFG
cFG +
Cpar
AFG
+ csens · Asens
AFG
(4.3)
where cFG and csens are the specific capacitances and AFG, Asens the surface areas of the
gate and the sensing area.
To calculate CF from measured data, the experimental values gm from fig. 4.8 were
divided by a value gm,max for chips with linear gates and chips with meander shaped
gates, respectively, and plotted against (Asens/AFG), fig. 4.10. The values gm,max were
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Fig. 4.10: Experimentally de-
termined coupling factors for
linear and meander shaped
transistors (sensing area out of
polysilicon). The symbols are
the same as in fig. 4.8. The
dashed curve represents a fit ac-
cording to eq. 4.5.
determined from fig. 4.8 based on the fact, that both Csens and CFG are connected in
series. The total capacitance C of this simplified electrical circuit is calculated by
1
C
=
1
Csens
+
1
CFG
(4.4)
For Csens → ∞, the total capacitance approaches CFG and the transconductance of
this device gm approaches a value gm,max, with gm,max representing the transconductance
of a fully electrically connected transistor without floating gate. The ratio gm/gm,max
corresponds to the coupling factor CF , approaching 1 for larger sensing areas.
Due to the fluctuations in gm of silicided chips, only chips with an interconnect layer out
of polysilicon are considered. The fluctuations of silicided chips may be related to the low
quality of the sensing oxide reported in chapter 3.1.2, as Csens may not correctly scale
with Asens. The gate area AFG is assumed to be reduced to half of the designed gate area,
because the diffusion of doping atoms reduces the real gate length LG to about half of
the designed gate length, as described below.
The plot in fig. 4.10 was fitted with a function
f(x) =
P1 · Asens
AFG
P2 + P1 · Asens
AFG
(4.5)
corresponding to eq. 4.3, with the two variables P1 ≡ 1 and P2 = 0.39. The variable
P1 represents csens and P2 represents the constant
(
cFG +
Cpar
AFG
)
. Both parameters can
be scaled by a factor. Assuming the sensing oxide to have a thickness of 22nm (chapter
3.1.2), this scaling factor is calculated to 1.57 · 10−3. The fit (dashed curve) follows
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the calculated coupling factors for both linear and meander shaped sensor gates and
supports the theoretical derivation of eq. 4.3.
Some of the transistors with the length LG of 1µm show characteristics as depicted in
fig. 4.11. During the different process steps with high temperatures, the doping profiles of
source and drain diffused towards each other and formed an electrical contact below the
transistor channel. The current through this contact is not affected by the gate voltage
and results in a current offset ∆IDS scaling with VDS. Due to the current limitation of
1mA, the setting of a working point with these devices is restricted.
Fig. 4.11: Transfer characteristics of an
n-channel floating gate FET (linear gate,
LG = 1µm, exposed area 100µm
2). VDS =
0 . . . 0.5V , 6 steps. The curves show a current
offset ∆IDS scaling with VDS , due to the diffu-
sion of the doping profiles of source and drain.
The fact, that not all of the chips with 1µm gates show this behaviour, indicates that
the diffusion of source and drain doping atoms towards the centre of the gate must be in
the range of 0.5µm each. It is therefore assumed, that the real gate length LG for 2µm
gates is about 1µm.
Noise
The spectral noise density of the devices at an appropriate working point was measured
with a dynamic signal analyser (35670A, Hewlett Packard, Palo Alto, USA). The mea-
surement was divided into three frequency ranges (1−100Hz, 100Hz−1kHz and 1−10kHz)
to get a better distribution of measuring points in the logarithmic plot. The noise density
of the floating gate devices is compared to non metallised n-channel transistors [Krause,
2000] (fig. 4.12). The floating gate FETs with linear gates (LG = 2µm) display the lowest
noise, followed by the floating gate FETs with meander-shaped gates (LG = 2µm) and
the non metallised gate transistors. For frequencies up to 800Hz, the signal course shows
a 1/f behaviour corresponding to capture and emission processes of the majority carriers
at the Si/SiO2 interface (chapter 2.4.3). For higher frequencies, the system exhibits a
low-pass behaviour due to the filter effect of the amplifying system. At 50Hz, the noise
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Fig. 4.12: Noise characteristics of different n-channel FETs at their
working point. From top: FET with a non metallised gate [Krause, 2000]
(VDS = 3.0V ), meander-shaped floating gate FET and linear floating
gate FET (VDS = 0.5V , interconnect layer silicided, LG = 2µm, ex-
posed area 460µm2, each). The noise trace was measured in water with
a Ag/AgCl reference electrode. The dotted line represents a function
F (f) = 0.7 · 10−10 · f−0.8.
density shows a peak induced by the electric supply. The dotted line in fig. 4.12 repre-
sents a function ∝ f−β with β = 0.8. This curve fits very well the spectral noise density
between 10 and 800Hz for the meander shaped gate. According to Jakobson et al. [1998],
the parameter β varies between 0.8 and 1.2 for CMOS transistors. In tab. 4.1, some noise
parameters of the different transistor types presented in fig. 4.12 are listed. The second
column shows the spectral noise density at 1kHz, a characteristic frequency for fast ex-
tracellular spikes. The number of measurements refers to the number of working FETs
on the considered chip. In addition to the measurements above, noise traces (5s) were
sampled at 10kHz and analysed. A DC offset of the data was eliminated by subtracting
the mean value. The third column shows the peak-to-peak noise of these measurements.
The fourth column shows the RMS value of the noise traces. The measurements confirm
that the sensors with linear gates result in the lowest noise.
Drift
The floating gate acts as an electrically isolated conductor. It carries an individual charge,
depending on the case history of the related transistor. This charge shifts the transistors’
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Transistor type W at 1kHz Peak-to-peak noise RMS Value
[V 2/Hz] [µV ] [µV ]
Non Metallised 353 43.8
Meander Gate 2.24± 0.25 · 10−13 (n = 14) 314 37.7
Linear Gate 7.03± 1.26 · 10−14 (n = 10) 283 32.4
Tab. 4.1: Noise parameters of three different types of n-channel transistors.
transconductances compared to their uncharged state. In an array of 16 FETs, the char-
acteristics of a single transistor can be shifted up to 1V and beyond. When a chip is
irradiated for 10min in an EPROM-eraser (LER-121A UV EPROM Eraser, Leap Elec-
tronic Co., Ltd., Taipei Hsien, Taiwan), the charges of all floating gates are eliminated
by the photo-effect. The characteristics shift back to their initial position with all 16
transistors having the same threshold voltage of Vth = 0.5V (fig. 4.13).
Fig. 4.13: Shift of the characteristics due to the electrical charge on the floating gate. Transfer
characteristics of 16 floating gate FETs (meander shaped gate, LG = 2µm, exposed area
460µm2) on a chip before (A) and after (B) UV irradiation. Transconductance before (C)
and after (D) UV irradiation for 10min.
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The drain-source current exhibits a long-term drift when a new working point is
adjusted, interfering with long-term measurements. The drift can be described by an
exponential decay with the time constant τ :
IDS = IDS,0 + IDS,1 · exp
(−t
τ
)
(4.6)
The drain-source current ∆IDS = IDS−IDS,0 is converted into ∆VGS by eq. 2.6. For tran-
sistors with a sensing area out of polysilicon, we observe drift voltages up to ∆VGS = 0.7V
and time constants τ = 40 . . . 80min. Transistors with silicided sensing areas show a faster
drift (τ = 10 . . . 20min) with similar drift voltages. Two typical drift curves are shown
in fig. 4.14. The dashed curves represent the fit of the exponential decay and the offset
IDS,0 of eq. 4.6. The straight lines indicate the time constant τ of the exponential decay.
The faster drift of silicided sensors may be related to the findings of chapter 3.1.2, where
oxides on top of polysilicon and titanium silicide were compared. The oxide on top of
silicided polysilicon contains residual titanium that leads to a different drift behaviour of
the interface in an electrolyte solution than pure SiO2.
For measurements in the range of minutes, the drift shows a quasi-linear behaviour, and
can easily be subtracted from the signals. For longer measuring times, the long-term drift
has to be compensated, keeping the transconductance at a constant value. Therefore,
the actual transconductance has to be measured at regular times, and a feedback con-
trol system has to shift the gate-source voltage in order to keep the transconductance
constant. Measurements of the transconductance might be realised by short test pulses
with a defined amplitude, or by measurements at high frequencies, not interfering with
the original measurement.
Fig. 4.14: IDS drift of n-channel floating gate FETs after adjusting a working point. A:
Interconnect layer out of polysilicon (linear gate, LG = 2µm, exposed area 25µm, gm =
0.3mS). B: Interconnect layer out of titanium silicide (meander shaped gate, LG = 2µm,
exposed area 225µm, gm = 0.9mS).
65
4. Characterisation of the Devices
pH Measurements
For pH measurements, a working point was adjusted and after 10−20min, when the drift
diminished, the pH sensitivity was determined. Fig. 4.15 shows two typical measurements.
Fig. 4.15: Measurement of a pH-change from pH4 to pH6 and back. A: n-channel float-
ing gate FET with polysilicon as interconnect layer (linear gate, LG = 1µm, exposed area
370µm2). B: n-channel floating gate FET with titanium silicide as interconnect layer (mean-
der shaped gate, LG = 2µm, exposed area 225µm
2). The small arrows indicate the complete
change of the buffer solution.
The FETs with the sensing area out of polysilicon showed a normal ion sensitive FET
(ISFET) behaviour. The change of the buffer solution (small arrows in fig. 4.15) had to
be performed twice, to completely exchange the solution.
The drift of the sensors with titanium silicide is too high to get useful results. The drift
gets even larger after the change from pH4 to pH6. To calculate the pH sensitivity, the
extrapolated voltage step directly after the pH-change is taken into account. The pH
sensitivities of the FETs in fig. 4.15 are calculated according to
∆VGS = VGS,pH4 − VGS,pH6 = ∆IDS
gm
The result is a sensitivity of 34mV/pH for the FET with an interconnect layer out of
polysilicon and a sensitivity of 17mV/pH for the FET with a silicided interconnect layer.
The drift might again be related to the low quality of the sensing dielectric on titanium
silicide compared to the sensing dielectric on polysilicon, as reported in chapter 3.1.2.
The pH sensitivity for sensors out of polysilicon results in 33.5 ± 0.6mV/pH for linear
transistors (LG = 2µm, exposed area 370µm
2) and 34.5±1.1mV/pH for meander-shaped
transistors (same length, same exposed area), n = 3 per chip. The values are in the range
of 20 . . . 35mV/pH reported by Abe et al. [1979].
66
4.1 n-Channel Floating Gate Transistors
4.1.2 CMOS Fabrication Process
The chips considered in this section derive from wafers with an interconnect layer out of
titanium silicide. Both the sensing areas as well as the contact areas between two polysil-
icon layers and polysilicon-p+ contacts were protected from silicidation. The protection
was achieved by depositing a layer of silicon dioxide prior to the titanium deposition
(appendix A). To compare the FETs of the second fabrication process with those from
chapter 4.1.1, the former 4×4 matrix design with individually contacted n-channel FETs
was reproduced. The geometry is similar except for slight changes, such as the size of
contact holes. These changes were induced by a modification of the design rules for this
particular process. With the new design of the headstage, it is possible to individually
contact transistors without the restriction of a common source.
Fig. 4.16 shows characteristics of a meander shaped floating gate FET (LG = 2µm,
WG = 77.5µm) with a sensing area of 15µm× 15µm. The respective transfer character-
istics and transconductances from an equivalent FET of the first fabrication process are
slightly smaller than those of the CMOS process (fig. 4.6, dashed curves).
Fig. 4.16: Characteristics of an n-channel
floating gate FET (meander shaped gate,
LG = 2µm, exposed area 225µm
2). A: Out-
put characteristics IDS(VDS) for VGS =
0 . . . 1V , 6 steps. B: Transfer characteris-
tics IDS(VGS) for VDS = 0 . . . 0.5V , 6
steps. C: Transconductance calculated as the
derivative of the transfer characteristics. The
dashed curves represent the characteristics
from fig. 4.6, an equivalent n-channel FET
of the first fabrication process.
The differences between the two measurements may be related to differences in the two
fabrication processes: the second one has a larger temperature budget due to the added
p-channel FETs. The additional high temperature step (annealing of the p+ region)
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induces a further diffusion of source and drain doping atoms, decreasing the real channel
length. Current and transconductance increase according to equations 2.7, 2.8, 2.9 and
2.10.
The average transconductance of all working transistors on a single chip is
gm = 1.08 ± 0.05mS (n = 14) at VDS = 0.5V in comparison to 0.91 ± 0.08mS
for an equivalent chip of the first fabrication process.
Output characteristics of floating gate devices are difficult to compare, because of the
sensor drift. Even a small shift of the transfer characteristics leads to differences of
output characteristics, if measured with the same VDS and VGS.
Besides a gate length of 2µm, transistors with LG = 1.5µm were realised. In contrast
to some of the transistors of the first fabrication process with LG = 1µm (fig. 4.11), the
characteristics did not show an offset current (fig. 4.17). The average transconductance
of all working transistors on a single chip is gm = 1.32±0.06mS (n = 14) at VDS = 0.5V .
Fig. 4.17: Characteristics of an n-channel
floating gate FET (meander shaped gate,
LG = 1.5µm, exposed area 225µm
2). A:
Transfer characteristics IDS(VGS) for VDS =
0 . . . 0.5V , 6 steps. B: Transconductance cal-
culated as the derivative of the transfer char-
acteristics.
The resistance of the feed lines was measured by means of a chip with two standard
feed lines for source and drain, that are connected in the middle of the chip. The overall
resistance is 300Ω, resulting in a resistance of 150Ω for a single feed line.
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4.2 p-Channel Floating Gate Transistors
The p-channel floating gate FETs were arranged in a 4 × 4 matrix, by analogy to the
n-channel FETs described above. Fig. 4.18 shows the characteristics of such a transistor
(LG = 2µm, WG = 77.5µm) with a sensing area of 15µm× 15µm.
Fig. 4.18: Characteristics of a p-channel
floating gate FET (meander shaped gate,
LG = 2µm, exposed area 225µm
2). A: Out-
put characteristics IDS(VDS) for VGS =
0 . . .−3V , 7 steps. B: Transfer characteristics
IDS(VGS) for VDS = 0 . . . − 3V , 7 steps. C:
Transconductance calculated as the deriva-
tive of the transfer characteristics.
The linear region of the output characteristics has a diode-like shape, indicating a
Schottky-Barrier at the source contact. This barrier reduces the real voltage applied to
the transistor and causes attenuated transconductances. For normal FETs, the transcon-
ductance should scale with the carrier mobility µ, resulting in an about three times higher
value for n-channel compared to p-channel devices. The maximum transconductance for
the n-channel FET (VDS = 0.5V ) of fig. 4.16-C is about 1.2mS. The theoretically derived
value for a perfect p-channel analogon would be
gm,pFET =
gm,nFET
3
≈ 0.4mS
This value can only be achieved by setting VDS to 2.5V . The average transconductance
of all working transistors on a single chip is gm = 0.61±0.01mS (n = 15) at VDS = −3V .
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Besides a gate length of 2µm, transistors with LG = 1.5µm were realised. The aver-
age transconductance of all working transistors on a single chip is gm = 0.84 ± 0.02mS
(n = 13) at VDS = −3V .
The diode-like behaviour only appeared for p-channel transistors. It must be re-
lated to an undesired distribution of doping atoms within the p+ doped bulk silicon.
The electrical contact between polysilicon and p+ doped bulk material was tested before
starting the process. Measured I-V curves showed a normal Ohmic behaviour. This find-
ing might be related to the fact, that the preliminary test structures had larger contact
areas (200µm × 200µm) than the real contacts to source and drain. To examine these
presumptions, two test wafers were prepared with a n+ or p+ doping, corresponding to
the drain and source regions. A layer of 150nm n-polysilicon was deposited by LPCVD.
The doping concentrations and tempering times were adopted from the CMOS fabrica-
tion process. The wafers were analysed by secondary ion mass spectroscopy (SIMS) to get
a depth profile of the interface between polysilicon and well area (fig. 4.19). The abscissa
of the graphs corresponds to the sputtering time and thus to the depth of the sample.
The ordinate corresponds to the number of ions counted by the SIMS detector.
Fig. 4.19: SIMS profile of test wafers with n-polysilicon on highly doped crystalline silicon.
A: Wafer highly n+ doped with arsenic (As). B: Wafer highly p+ doped with boron (B).
Fig. 4.19-A shows the situation for n-channel FETs. The source and drain regions are
doped with arsenic, showing a typical profile with a high arsenic concentration at the
wafer surface. The interface shows an enhancement of oxide and further elements such
as carbon (not shown in the figure). This finding is in the normal range and even
appears for samples prepared under cleanroom conditions. The polysilicon exhibits a
phosphorous doping with prominent peaks both at the interface and at the surface.
Fig. 4.19-B shows the situation for p-channel FETs. The source and drain regions are
doped with boron, showing a maximum concentration at a sputtering time of 1300s, well
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below the surface. The wafer surface itself exhibits a relatively low boron concentration
that presumably leads to the diode-like shape of the characteristics. The interface and
the polysilicon layer are comparable to the situation of n-channel FETs described above.
To compare the noise density of the n- and p-channel transistors of this fabrication
process, two individually contacted FETs were set to an appropriate working point and
measured with a dynamic signal analyser (fig. 4.20). The noise density shows the typical
1/f behaviour of the generation recombination noise, with peaks at 50Hz and 100Hz,
induced by the electric supply. From about 5kHz, the inherent low-pass filter of the
amplification circuit starts taking effect. The noise density of the p-channel transistor is
in the range of an equivalent n-channel transistor of the first fabrication process. The noise
density of n-channel FETs of the current process is even lower compared to p-channel
FETs.
Fig. 4.20: Noise density of an n- and a p-channel floating gate transistor
(meander shaped gate, LG = 2µm, exposed area 225µm
2), measured
with a dynamic signal analyser.
4.3 Combined n- and p-Channel Sensors
As reported above, additional extensions of the point-contact model have to be consid-
ered, to correctly model the kinetic behaviour of a HEK293 cell recorded with a field
effect transistor. To investigate the influence of the transistor type (n- or p-channel FET)
on the surface potential and thus on the signal shape, a special chip was designed.
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Fig. 4.21: A: DIC micrograph of the centre of a combined n- and p-channel floating gate
transistor chip. The border between n-well and p-well is marked. B: Schematic drawing of
a combined sensor with both types of transistors. The profile of the gate is drawn in black,
the contact holes between sensing area and transistor gate are shaded grey, the profile of the
sensing area is drawn in dark grey, the exposed surface is hatched.
The chip contains 8 n-channel and 8 p-channel floating gate transistors arranged
as depicted in fig. 4.21. In contrast to the other sensors presented, the sensing area
(10µm × 20µm) of these transistors is located next to the gate area. Two sensing areas
of both an n- and a p-channel FET are located next to each other, to form a compound
sensor area of 20µm × 20µm. The idea is, to record extracellular signals from one cell
with both an n-channel and a p-channel transistor, simultaneously. If the surface potential
is influenced by the type of transistor with its specific drain and source voltages, both
electrodiffusion and ion binding to the surface should be affected, resulting in different
signal shapes for the different transistor types.
4.4 Addressable Sensor Arrays
Different approaches have been reported, to increase the probability of a cell growing on
a sensor. One possibility is to pattern the chip surface by microcontact printing with cell
attracting substances such as extracellular matrix proteins [Yeung et al., 2001b; Lauer
et al., 2001; Vogt et al., 2003]. Another possibility is to build topographical structures,
with openings above the transistors, and channels that guide the outgrowth of neurites
[Merz and Fromherz, 2005]. The approach used in this work is increasing the total number
of transistors on the chip surface. The quantity of individually contacted transistors is
limited by the maximum number of bond wires that can be connected to a chip.
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4.4.1 Row-Column Arrays
A simple way of reducing the number of feed lines is the so called row-column array
(fig. 4.22), where every transistor is connected to one row and one column feed
line. The quantity of feed lines for 8 × 8 arrays is reduced from 128 for individually
Fig. 4.22: Array of 8 × 8 floating gate transistors with the feed lines arranged in rows and
columns. A: Electrical circuit with one transistor connected exemplary. B: DIC micrograph
of the centre of a chip.
contacted transistors to 16, namely 8 rows and 8 columns. In our case, rows and
columns are connected at both ends, to prevent a device failure due to an imperfect
bond contact. Nevertheless, the number of feed lines is reduced by a factor of four.
Both n- and p-channel row-column transistor arrays were designed with either 4 × 4
transistors (LG = 1.5µm or 2µm) or 8×8 transistors (LG = 2µm) and a spacing of 60µm.
The most crucial point for row-column arrays is the crossing of feed lines. The pre-
sented fabrication process enables such a crossing due to the use of two conductive layers:
the lower polysilicon, forming the gate contacts, and the upper polysilicon, forming the
sensing areas – separated by 500nm field oxide. As the upper polysilicon is silicided with
titanium and thus exhibits a lower specific electrical resistance, it is desirable to build
the utmost part of the feed lines out of this material. At intersections, one of the crossing
lines is contacted to the lower polysilicon, passes under the second line, and is contacted
to the upper layer, again (fig. 4.23).
The contact zone between the two polysilicon layers was prevented from silicidation, to
preserve a good electrical contact between the two layers after the silicidation process.
To test the electrical properties of the “underpasses”, a single feed line with either 2
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Fig. 4.23: Schematic of crossing feed lines.
The colour definitions are the same as in fig.
3.3, except for the contact holes, whose pro-
file is highlighted. A: Schematic top view. B:
schematic cross section. The dashed lines in-
dicate the section prepared by FIB (fig. 4.25).
(4× 4 array) or 4 underpasses (8× 8 array) was contacted at both ends. Fig. 4.24 shows
the corresponding I-V curves.
The curves indicate a slight non-linear behaviour due to the crossings of the feed lines.
A further comparison of the two types of arrays is difficult, because of different feed
line designs. The contact holes between the two silicon layers have a size of 5µm ×
7µm. Test structures with smaller contact holes (4µm× 6µm) showed a more prominent
non-linearity (data not shown). The deviation of the curves from linear behaviour is
symmetric, pointing out a contact of low quality between the tow layers.
Fig. 4.24: Electrical properties of a single feed line of a row-column array contacted at both
ends. The label “4 × 4 array” refers to a number or 2 underpasses, the label “8 × 8 array”
refers to a number of 4 underpasses. A: I-V curves. B: Calculated resistance plotted against
the applied voltage.
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To analyse the contact zone, a cross section of a feed line intersection (zone between
the dashed lines in fig. 4.23) was prepared by Focussed Ion Beam. Therefore, two parallel
trenches were milled into the material, leaving a lamella of a few 10nm thickness. Fig.
4.25 shows TEM micrographs of the extracted lamella. To guard the surface from the ion
beam, the sample had been covered by a protective resist. Below the protective resist,
all layers of interest are visible. Enlargement 1 shows the interface between the two
polysilicon layers at high resolution. The interface is relatively rough, due to the grainy
structure of polysilicon, but no undesired material, such as silicon dioxide, is visible.
Enlargement 2 shows the boundary between the silicided and non-silicided feed line.
Fig. 4.25: TEM micrograph of a lamella prepared by FIB. The cutout corresponds to the
zone between the dashed lines in fig. 4.23. Enlargement 1 shows the contact zone betweem
poly 3 and poly 1. Enlargement 2 shows the separation between normal and silicided poly 3.
Another examination of the crossing feed lines was performed by SIMS. A test wafer was
prepared with two LPCVD layers of n-polysilicon, each 150nm thick, on bulk silicon. The
results of the SIMS are shown in fig. 4.26.
Fig. 4.26: Examination of a test wafer with
two polysilicon layers on bulk silicon by SIMS.
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Two elements were chosen for the plot: phosphorous and oxygen. The scan exhibits
phosphorous peaks at all interfaces, similar to the findings in fig. 4.19. More important
is the detection of oxygen at the interfaces, indicating the growth of natural SiO2.
This should have been prevented by both an HF-dip before the LPCVD process, and
a relatively fast wafer transfer from the cleanroom to the deposition tool. Possibly, the
exchange of air against nitrogen in the LPCVD’s lock or the vacuum pump within the
LPCVD were too slow, leading to an interfacial oxide.
In general, a floating gate transistor of a row-column array is connected by applying
source and drain voltages to the respective row and column. Polarity does not matter,
because the transistors are symmetrical. The remaining rows and columns should not be
connected, to prevent a partial activation of additional transistors.
It is possible to connect two transistors, simultaneously. The pre-requisite for such a
connection is, that the two transistors share neither the same row nor the same column.
The transistors have to be set to the same working point, with source and drain voltages
applied to the respective row and column for the first transistor, and vice versa for the
second transistor (fig. 4.27).
Fig. 4.27: Two transistors of a row-column ar-
ray connected simultaneously. An arbitrary work-
ing point for n-channel transistors was chosen. The
shaded boxes contain the voltage drop at the tran-
sistors.
Another possibility to connect several transistors is multiplexing, i.e. repeated switch-
ing from one to another transistor [Eversmann et al., 2003; Heer et al., 2004]. The
switching has to be fast enough, to guarantee a suitable sample rate for each transis-
tor, usually not less than 10kHz. The fast switching is extremely sensitive to parasitic
capacitances, requiring a well tuned fabrication process and a thorough set of design rules.
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4.4.2 Decoder Controlled Row-Column Arrays
The number of floating gate transistors can be further increased by using dual decoders
to address rows and columns. Fig. 4.28-A shows the electrical circuit of a dual 1-of-4
decoder. The input voltage Vin is passed to one of the four outputs, depending on the
address bits B0 and B1. The binary state 0 of the address bits is represented by a voltage
of 0V , the binary state 1 is represented by a positive voltage (e.g. 2V ). Every address bit
passes a logical inverter (fig. 4.28-B) that transforms a positive voltage to VSS = 0V , and
0V to VDD (e.g. VDD = 2V ). The original and the inverted bit voltage are connected to
n-channel transistor gates, switching one of the two branches of the respective decoder
ramification to the on-state, the other one to the off-state. For every bit constellation,
only one out of 4 outputs is connected to the input voltage, with all linking FETs between
input and output switched to the on-state.
Fig. 4.28: A: Electrical circuit of a dual 1-of-4 decoder. The voltage Vin is passed to one of
the 4 outputs (0 . . . 3), dependent on the address bits B0 and B1. B: Detailed structure of the
inverters.
For real circuits, the output voltage V ′in is smaller than Vin, due to the intrinsic impedance
of the circuit. Tab. 4.2 gives the output voltages for all bit constellations of the 1-of-4
decoder.
B0 B1 Output 0 Output 1 Output 2 Output 3
0 0 V ′in 0V 0V 0V
0 1 0V V ′in 0V 0V
1 0 0V 0V V ′in 0V
1 1 0V 0V 0V V ′in
Tab. 4.2: Output voltages of the dual 1-of-4 decoder of fig.
4.28 in dependence of the address bits B0 and B1.
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Fig. 4.29 shows a DIC micrograph of a 5 bit (1-of-32) decoder, realised with the
presented fabrication process. The transistors have a length of LG = 2µm and a width of
WG = 8µm (n-channel FETs) and WG = 24µm (p-channel FETs). To test the circuit’s
function, the inverters are connected to VDD = 2V and VSS = 0V . The address bits
are connected to 0V (binary state 0) respectively 2V (binary state 1). Because of the
limited number of bond pads on the chip carrier (chapter 3.2.2), only half of the outputs
is electrically connected. The input voltage Vin = 2V is passed to the correct output,
resulting in a voltage of V ′in = 1.3V . The voltage of all other outputs is 0V , because of
the high impedance of the 1− 5 off-state transistors between input and output.
Fig. 4.29: DIC micrograph of a 1-of-32 de-
coder. The voltage Vin is passed to one of the
32 outputs (0 . . . 31), depending on the ad-
dress bits B0 . . . B4. VDD and VSS refer to the
supply voltages of the 5 inverters. One of the
inverters is marked with a box.
Two of these 5-bit decoders are used to control a 32×32 row-column array of floating
gate transistors. One controller is responsible for the 32 rows of the array, the other one for
the 32 columns, respectively. The decoder outputs are connected to n-channel transistors
(LG = 2µm, WG = 8µm), that link the source respectively drain line to the desired row
or column (fig. 4.30). Fig. 4.31 shows characteristics of one of the n-channel floating
gate transistors of the 32× 32 sensor array. The bits were adjusted as shown in tab. 4.3,
activating a FET in the centre of the array. As expected, the drain-source currents and
transconductances of transistors within the 32 × 32 sensor array are smaller, compared
to the individually connected transistors. The long feed lines and their crossings result in
a considerable resistance, reducing the real drain-source and gate-source voltages applied
to the transistor.
Row decoder Column decoder
B0 B1 B2 B3 B4 B0 B1 B2 B3 B4
0 1 1 1 1 1 0 0 0 0
Tab. 4.3: Bit constellation of the floating gate FET characterised in fig. 4.31.
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Fig. 4.30: A: Photograph of a chip with an addressable 32 × 32 sensor array. Source line
and drain line are marked with ‘S’ and ‘D’; the column decoder region is marked with a box.
The image was taken by F. Sommerhage. B: DIC micrograph of the column decoder of the
32× 32 sensor array from (A). The source line is marked with ‘S’.
Fig. 4.31: Characteristics of an n-channel
floating gate FET (meander shaped gate,
LG = 2µm, exposed area 225µm
2) of the cen-
tre of an addressable 32×32 array. The char-
acteristics were measured in Milli-Qr wa-
ter with a Ag/AgCl reference electrode. A:
Output characteristics IDS(VDS) for VGS =
0 . . . 1.5V , 4 steps. B: Transfer characteristics
IDS(VGS) for VDS = 0 . . . 0.5V , 6 steps. C:
Transconductance calculated as the deriva-
tive of the transfer characteristics.
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4.5 Stimulation
On-chip stimulation is an indispensable feature for a bidirectional coupling of electrically
active cells. Usually, extracellular stimulation with integrated planar devices can either
be performed by means of electrodes or by capacitive coupling.
Electrodes – usually as part of multi electrode arrays – can be driven with voltage pulses
[Stett et al., 2000] or with current pulses [Humayun et al., 2003; Walter et al., 2005].
Mono- or biphasic voltage pulses are reported to result in a more effective stimulation
than current pulses, but stray capacitances may induce large capacitive currents [Wage-
naar et al., 2004]. Biphasic current pulses are preferred for neural implants, because the
amount of charge transferred to the tissue can be controlled more precisely.
Capacitive stimulation is performed with an electrode covered by an insulator, such as
SiO2 or a high-κ dielectric (κ refers to the dielectric constant εr). The stimulation is
either done by short monophasic voltage pulses [Fromherz and Stett, 1995; Stett et al.,
1997] or by voltage ramps [Ulbrich, 2003; Hutzler and Fromherz, 2004]. Voltage pulses
are reported to induce electroporation, a temporary leakage of the lipid bilayer [Tsong,
1991]. Simulations calculate the formation of nanopores (up to a diameter of 10nm)
in the nanosecond range, induced by local electric field gradients at the water/lipid
interface [Tieleman, 2004]. Electroporation is a technique that is widely used for the
purpose of introducing molecules such as DNA, RNA, proteins, dyes and drugs into cells,
or to fuse cells to produce hybrids [Tsong, 1991; Olofsson et al., 2003]. If the electric field
is too high, electroporation leads to an irreversible membrane breakdown. To prevent
electroporation and the subsequent risk of causing irreversible cell damage, voltage
ramps have been reported to successfully trigger Kv1.3 potassium channels in HEK293
cells [Ulbrich, 2003] and evoked field potentials in rat hippocampal cells [Hutzler and
Fromherz, 2004].
The idea to use the floating gate itself for stimulation concludes the floating gate
being electrically contacted (fig. 4.32-A). This contact must exhibit a high impedance to
keep the gate floating. Smith et al. [1984] even suggested a mechanical switch to max-
imise the switch-off impedance. For the presented project, several chips were developed
with different electronic components connected to the floating gates. The function of the
transistors for recording and stimulation purposes was analysed. The following list shows
the tested components (fig. 4.32-B):
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• p-channel FET (linear gate, LG = 2µm, WG = 24µm) in the off state
• Reverse biased diode
• Capacitor (C = 16pF )
• Quasi Floating Gate transistor (linear gate, LG = 2µm, WG = 20µm)
The Quasi Floating Gate transistor works as a very large valued resistor. Originally, it
was designed to weakly connect the floating gate of Multiple-Input Floating Gate devices
(capacitive voltage dividers) to a constant voltage [Ramirez-Angulo et al., 2004]. The
authors report, that this connection avoided charging of their floating gates and kept the
gates floating for signal frequencies greater than 0.05Hz.
Fig. 4.32: A: Schematic of electrically contacting the floating gate for stimulation purposes.
The question mark symbolises an electronic component serving as large valued resistor. B:
Upper central part of a chip with the floating gates contacted by p-channel FETs. C: Lower
central part of a chip with the floating gates contacted by capacitors.
With all of the enumerated electronic components connected to the floating gate it
was possible to measure characteristics of the floating gate transistor. Nevertheless,
only the transistor with its floating gate connected by a capacitor was able to record
test pulses (5mV , 0.1s) applied to the electrolyte solution by means of a Ag/AgCl
reference electrode. With the floating gate connected by a p-channel FET, diode
or Quasi Floating Gate transistor it was not possible to record the test pulse. The
impedance of the connected electrical components seems to be too low to keep the gate
sufficiently floating. In the following, only transistors with their floating gates connected
by capacitors, are considered.
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The characteristics strongly depend on the voltage VC applied to the capacitor Cstim.
Applying a negative voltage VC shifts the transconductance curves to more positive VGS;
applying a positive VC shifts the transconductance curves to more negative VGS (fig.
4.33).
Fig. 4.33: A: Transconductance of a floating gate transistor with a capacitor Cstim connected
to the floating gate. VC is the voltage applied to the capacitor. B: VGS of the maximum
transconductance plotted against the voltage VC .
With the capacitor connected to a voltage VC > 0V or VC < 0V , the characteristics
of the transistor tend to drift back to the situation where VC = 0V . The effect gets
stronger for a larger deviation of VC from 0V . This is visible in fig. 4.33, where the
drift at VC < −0.5V compensates the shift of the characteristics due to the negative VC
applied to the capacitor. The drift seems to depend on the charge stored on the floating
gate, as no drift is visible for VC > 0V .
Fig. 4.34-A shows an equivalent circuit of a transistor with its floating gate connected
to the capacitance Cstim.
Fig. 4.34: A: Equivalent circuit of a FET with its floating gate (FG) connected to Cstim. ES
refers to the electrolyte solution, Cpar,1 and Cpar,2 to parasitic capacitances. B: Simplification
of (A), neglecting CFG.
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Cpar,1 refers to the parasitic capacitance between the feed line and the electrolyte
solution. Cpar,2 refers to the parasitic capacitance between the floating gate and the
electrolyte solution. Other parasitic capacitances are neglected in this equivalent circuit.
Fig. 4.34-B shows a simplification of the equivalent circuit, neglecting the gate capaci-
tance CFG and summing up Csens and Cpar,2. Cstim has a value of 16pF , as measured for
identical electronic test structures. With the known area and thickness of the sensing
oxide, Csens can be calculated (eq. 2.18) to about 0.4pF .
In a series of experiments, a stimulation pulse was applied to the floating gate, either
by the electrolyte solution, or by the capacitor contacting the floating gate (fig. 4.35).
Fig. 4.35: A: 5mV pulse applied to the electrolyte solution (ES) of a standard n-channel
floating gate FET. B: 5mV pulse applied to ES of an n-channel floating gate FET for stim-
ulation. C: Same FET as in (B), 5mV pulse applied to Cstim. D: Same FET as in (B), 5mV
pulse applied to ES and Cstim.
In experiment A (fig. 4.35-A), a stimulation pulse of 5mV was applied to the electrolyte
solution of a standard n-channel floating gate FET (without connected element),
resulting in ∆VJ = 4.9mV , as expected. In experiment B, the same pulse was applied to
an n-channel transistor with its floating gate connected via Cstim to VC=0V (fig. 4.35-B).
The recorded pulse resulted in ∆VJ = 2.2mV , indicating that part of the voltage drops
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at Cstim, Cpar,1 and Cpar,2. In experiment C, The same stimulation pulse was applied
to the capacitor Cstim, resulting in ∆VJ = 2.5mV (fig. 4.35-C). In experiment D, the
stimulation pulse was applied to the electrolyte solution and Cstim, simultaneously,
resulting in ∆VJ = 4.7mV (fig. 4.35-D).
The summed ∆VJ for experiments B and C result in exactly the same ∆VJ that was
directly measured in experiment D. These experiments show, that part of the voltage
pulse applied to Cstim drops at Csens and Cpar,2, and vice versa. In experiment D, the
recorded voltage ∆VJ = 4.7mV is about 0.3V smaller than the applied stimulation
pulse. These losses are due to further parasitic capacitances not considered in the model,
such as losses towards the bulk silicon.
To achieve an optimal floating gate FET for recording and stimulation in future
designs, some important facts should be considered:
• Cstim
For stimulation purposes, Cstim has to be large, as Cstim and Csens are connected in
series. With Cstim  Csens, the influence of the stimulation capacitor on stimulation
pulses can be neglected.
For recording purposes, a larger Cstim results in losses, as reported above.
• Csens
For stimulation purposes, Csens has to be small, as reported above.
For recording purposes, Csens has to be sufficiently large, to result in maximum
transconductance of the floating gate transistor (chapter 4.1.1).
• Cpar
The parasitic capacitances, especially Cpar,2, have to be reduced. This can be realised
by more narrow feed lines, and by placing the capacitors as close to the floating
gates as possible.
These results show that it is possible to electrically connect a floating gate by means of a
capacitor. As a consequence, the same device can be used for recording and stimulation
purposes. This is a useful feature for applications such as investigations on neuronal
networks. If two neurons – coupled to bidirectional floating gate FETs – are connected
by a chemical synapse (chapter 2.2.2), both directions of signal transmission can be tested
due to the combined stimulation and recording abilities.
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4.6 Long-Term Stability
Previous projects revealed, that non metallised n-channel transistors (enhancement
mode) with thin SiO2 gate dielectrics in an electrolyte solution typically have a shorter
lifetime than corresponding p-channel transistors. The damage of the devices is caused by
a penetration of cations such as sodium and potassium into the thin gate oxide [Morrison
et al., 1980]. This effect seems to be more prominent for n-channel FETs, due to the
negative source potential in comparison to the gate potential, attracting those ions. In
contrast, the presented floating gate sensors show a good long-term stability.
The robustness of the devices is on the one hand due to the sandwich design. The
gate oxide is well protected from the electrolyte, because it is situated beneath several
layers (from top to bottom: sensing dielectric, polysilicon 3, silicon dioxide and polysilicon
1). On the other hand, the ONO stack and the sensing dielectric turn out to have a good
stability. The cleaning procedure with mechanical cleaning by using cotton buds and
subsequent sulphuric acid treatment (20% H2SO4) does not seem to damage the devices.
Both, the ONO stack and the thin oxide layer covering the sensing area, are sufficiently
stable to withstand several cleaning operations and cell cultures (fig. 4.36).
Fig. 4.36: Transfer characteristics (A) and
transconductance (B) of an n-channel floating
gate FET (meander shaped gate, LG = 2µm,
exposed area 225µm2) of a 4× 4 row-column
array before (dashed curves) and after (solid
curves) seven cleaning operations and subse-
quent cell cultures.
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with Cells
5.1 Focussed Ion Beam Section of a Cell on a Sensor
HEK293 cells have been cultured on poly-L-lysine coated sensor arrays. After having
reached the desired density, the cells on the chip were fixed with glutaraldehyde.
Subsequently, water was exchanged by acetone with an increasing acetone concentration.
Finally, acetone was removed by critical point drying. To visualise the chips by SEM,
they were sputtered with gold. Details of this preparation are given in chapter 3.3.2.
Fig. 5.1 shows a SEM image of several cells on a chip. The cells have a normal ap-
Fig. 5.1: SEM micrograph of HEK293 cells on a sensor array.
pearance, with the cell bodies adhering flatly to the substrate. The general morphology
resembles observations by optical microscopy. Outgrowing filopodia indicate a healthy
physiological condition of the cells before fixation. Only some of the filopodia were
detached from the surface due to charging effects of the SEM. The cell membrane
is partly covered with tiny blobs. In addition, small holes or scratches in the upper
membrane can be identified. Both, blobs and scratches, might be related to the drying
procedure, with the evaporating acetone damaging the membrane. Shrinkage artefacts
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that often occurr during chemical fixation [King, 1991], have been reduced by adapting
the osmolarity of the glutaraldehyde solution to the osmolarity of the culture medium
[Ho¨ller, 2005].
A cell growing on a floating gate transistor together with the underlying silicon chip
was cut by Focussed Ion Beam. A schematical topview of the performed section is shown
in fig. 5.2-A. This technique is usually used for solid and homogenous materials, such as
metals or semiconductors. A coarse ion beam (2000pA) was used to mill a trench into the
sample, about 20µm wide (fig. 5.2-B). The front of the gallium ion beam diverged while
milling the inhomogeneous cell membrane and intracellular components. This behaviour
led to vertical stripes, being further reduced by decreasing the ion current down to 10pA,
“polishing” the cross section. The meander shaped gate was dissected in such a way, that
up to four bars (2µm wide, 450nm high) became visible (fig. 5.2-C, the image section
shows two gate bars).
The cell growing on the transistor precisely follows the surface topography. The exact
distance between cell and semiconductor device cannot be determined with this method,
because the lipid membrane at the bottom of the cell is hardly visible. Some intracellu-
lar structures seem to approach the sensor surface with a distance of less than 100nm.
Ho¨ller [2005] found by the aid of TEM sections, that the distance between HEK cells and
poly-L-lysine coated silicon chips is in fact a distribution of varying distances.
The SEM micrographs exhibit several details of the cultured HEK cell itself. The up-
per membrane is well identifiable, with some tiny holes in the centre, and some bigger
damage at the periphery, induced by the gallium ion beam. Before the SEM observation,
the sample was scanned in the ion beam mode, sputtering part of the surface. Within
the cytoplasm (CP), a central nucleus (N) is visible, surrounded by a well conserved nu-
clear membrane (NM) (fig. 5.2-C). As the cut was continued, the section plane shifted
backwards, revealing the nucleolus (NL) inside the nucleus (fig. 5.2-D). Another dense
structure got visible, marked with an asterisk. This structure may correspond to ovoid
bodies, discovered by Graham et al. [1977] with a light microscope. The ovoid bodies are
generally located at or near the nuclear membrane.
Fig. 5.2-E shows an enlargement of the gate area. The field oxide separating gate and
sensing area has the desired height of about 500nm. The polysilicon of the sensing area
(150nm) is visible; the sensing dielectric (20nm) can be recognised as a white stripe above
the sensing area.
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Fig. 5.2: Cross section of a HEK293 cell on
a floating gate transistor. A: Schematic top
view of the performed cut (straight line). B:
SEM top view of the cut sample. The upper
half of the image shows the remaining part
of the cell, the lower half shows the trench
milled by Focussed Ion Beam. C, D, E: SEM
micrographs of the cross section. Abbrevia-
tions: cytoplasm (CP), nucleus (N), nucleo-
lus (NL), nuclear membrane (NM).
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5.2 Individually Contacted FETs
5.2.1 n-Channel Floating Gate Transistors
Rat cardiac myocytes were cultured on chips as described in chapter 3.3.1. Fig. 5.3 shows
a DIC micrograph of cardiac myocytes growing on a chip with meander shaped floating
gate transistors. The individual cells can hardly be recognised on the sensors, due to the
densely structured surface. A layer of successfully cultured cells contracts periodically,
visible through the microscope.
Fig. 5.3: DIC micrograph of rat cardiac my-
ocytes on an array of n-channel floating gate
FETs (meander shaped gates, LG = 2µm, ex-
posed area 760µm2).
Fig. 5.4 shows extracellular signals recorded on all 16 sensors of a chip with linear gates.
The beating frequency is 30 beats per minute (bpm). Because of the small distance be-
tween the FETs (spacing: 50µm), the capacitive peaks of all sensors appear within 1ms.
A direction of signal propagation or even a centre of excitation can hardly be determined.
The recorded signal amplitude is recalculated to get the junction potential VJ . Sensor 12
shows the largest signals with a peak-to-peak amplitude of ∆VJ = 2mV . The noise of
this particular measurement is about 200µV peak-to-peak.
Different subtypes of recorded action potentials can be identified. They originate from
different cells from different locations of the heart (chapter 2.3.1). Two signal traces are
enhanced to better display the course of single action potentials (fig. 5.5).
The program LabHEART 4.9.5 [Puglisi and Bers, 2001] provides an interactive com-
puter model of a rabbit ventricular myocyte. The intracellular voltage and ionic currents
for different ion channels and active transport proteins are simulated and can be exported
to other programs. The unit for the ionic currents is [AF−1], the values have thus to be
multiplied with the capacitance of the cell.
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Fig. 5.4: Extracellular signals
of embryonic rat cardiac my-
ocytes (E17) in culture after 4
days on a chip (extracellular
solution, 32◦C). The n-channel
floating gate FETs have linear
gates (LG = 2µm, exposed area
370µm2, gm = 0.8mS). On the
16 FETs of the chip, different
extracellular signals shapes can
be discriminated.
Fig. 5.5: Enlargement of fig. 5.4, FETs 12 (A) and 16 (B).
The signal shape of the simulated rabbit cardiac myocyte action potentials resembles that
of rat cardiac myocytes. In the following, the simulation will be adapted to our cells. The
shape of rat cardiac myocytes can be approximated by a prolate spheroid (“cigar shape”)
with the longitudinal axis 2 · a ≈ 100µm and the two transversal axes 2 · b ≈ 20µm. The
surface area AM is calculated according to
AM = 2pib
(
b+ a · arcsin e
e
)
(5.1)
with the eccentricity e =
√
1− b
2
a2
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This results in a surface area of AM = 5, 000µm
2. With a typical specific capacitance of
cM = 1µFcm
−2 (chapter 2.1.3), the membrane capacitance is calculated to CM = 50pF .
Analogous, the membrane resistance is calculated to RM = 200MΩ with a typical specific
electrical resistance of ρM = 10
4Ωcm2. Fig. 5.6-A shows the simulated membrane voltage
VM of a triggered action potential. Fig. 5.6-B shows the contribution of the activation of
voltage-gated ion channels (calcium: L-type; sodium; potassium: slow and fast compo-
nents of the delayed rectifier) and an ion transporter (sodium-calcium exchanger) to the
total membrane current IM . These respective current contributions are considered in the
following simulation of the cell-transistor coupling. The extracellular salt concentrations
were adapted to our experimental situation.
Fig. 5.6: LabHEART-simulation of an action potential of a rabbit ventricular myocyte.
A: Membrane potential. B: Transmembrane currents of voltage-gated ion channels (sodium,
potassium, calcium) and the sodium-calcium exchanger.
The coupling of cardiac myocytes to a transistor gate can be simulated with
appropriate software (PSpice), assuming an equivalent circuit (fig. 5.7-A). The ionic
currents of the LabHeart simulation are divided into a free membrane part (estimated to
70%) and a junction membrane part (estimated to 30%). The intracellular voltage VM
and the distinct ionic currents for the free and junction membrane are used as voltage-
and current sources for the simulation circuit. The free membrane is connected to ground
potential (refers to the electrolyte solution) and the junction membrane is connected
to the seal resistor (RJ assumed 1MΩ). The signal is simulated at this resistor and
additionally low-pass (LP) filtered to reflect the behaviour of the amplifying system.
The amplitude of VJ strongly depends on the seal conductance GJ .
Fig. 5.7-B shows the junction potential VJ during an action potential, simulated with
data provided by the LabHEART software. The signal starts with an upstroke due to
capacitive coupling of the stimulus current, the so called A-type signal [Spro¨ssler et al.,
1999; Ingebrandt et al., 2001]. In intact tissue, this stimulation current derives from
neighbouring cells. The upstroke is followed by a negative peak, induced by a sodium
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Fig. 5.7: Simulation of the junction potential VJ . A: Equivalent circuit. B: VJ during an
action potential, simulated with data provided by the LabHEART software. The situation
with unscaled currents is compared to the situation with an enhanced potassium current
of the junction membrane (factor 5 and 10).
influx. A slow negative signal following this peak is induced by a calcium influx. The
next part of the signal is a slow uprise of the signal, induced by a potassium efflux. After
200− 300ms, the signal reaches its original value. Signal parts induced by ionic currents
are called D-type signals [Spro¨ssler et al., 1999].
Assuming different densities or opening probabilities of individual channel populations
in the junction membrane leads to different signal shapes of VJ . In fig. 5.7-B, VJ is
simulated for an elevated potassium current of the junction membrane (factor 5 and 10).
Compared to the measured signals in fig. 5.5, the signal of the unscaled model resembles
signal (A), the signal with an elevated potassium current resembles signal (B).
The influence of cardiac drugs on cardiac myocytes cultured on a FET was tested
with isoproterenol, a β-adrenergic receptor agonist. Fig. 5.8 shows the extracellularly
recorded signals of a meander-shaped floating gate FET after 5 days in culture. Before
the addition of the drug, the cells beat in a synchronised manner with a frequency of
60bpm. After the addition (grey bar) of 10nM isoproterenol, the beat frequency increases
up to 216bpm, comparable to the results in [Yeung et al., 2001a]. The fluctuations in the
base line of the recorded trace are related to the manual replacement of the electrolyte
solution and temperature effects. A technical improvement would be a continuous flow
system. The noise level is less than 200µV peak-to-peak for this particular measurement.
The signal-to-noise ratio is 8 before (t = 5s) and more than 25 after addition of the
drug (t = 40s). The enlargement of the signal amplitude after the drug supply can be
related to the varying distance and sealing between cell and sensor, based on the stronger
contraction.
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Fig. 5.8: Extracellular signal of embryonic rat cardiac myocytes (E17)
in culture after 5 days on a chip (extracellular solution, 32◦C). The
sensor has a meander-shaped gate (LG = 2µm, exposed area 100µm
2,
gm = 1.3mS). The initial frequency is about 60bpm (0 − 15s). After
addition of 10nM isoproterenol (grey bar), the frequency increases to
216bpm.
The results confirm the function of the devices as biosensors for pharmacological
studies. The signal shapes of the recorded action potentials are similar to signals recorded
with non metallised gate FETs [Spro¨ssler et al., 1999; Ingebrandt et al., 2001; Yeung et al.,
2001a]. The floating gate architecture of the devices obviously does not change the shape
of the recorded action potentials.
5.2.2 p-Channel Floating Gate Transistors
To test the p-channel FETs for their cell-coupling capability, both embryonic rat cardiac
myocytes and HEK293 cells were cultured on the chips.
Cardiac Myocytes
Fig. 5.9-A shows a recorded signal trace of embryonic rat cardiac myocytes on a p-channel
floating gate transistor. The beat frequency is about 80bpm. The peak-to-peak amplitude
of the recorded action potentials is ∆VJ = 3mV . The noise is in the range of peak-to-
peak 500µV , resulting in a signal-to-noise ratio of 6. Fig. 5.9-B shows an enlargement
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Fig. 5.9: Extracellular signal of embryonic rat cardiac myocytes (E17) after 3 days in culture.
The measurement was performed with a p-channel floating gate FET (LG = 2µm, gm =
0.59mS) in extracellular solution (35◦C). A: Signal recorded for 5s. B: Enlargement of the
first action potential.
of the signal trace to better visualise the fast components of the action potential. The
depolarisation is caused by a stimulation current from neighbouring cells. It is followed by
a fast negative peak induced by voltage-gated sodium channels. In the presented signal
trace, no calcium nor potassium components can be identified (compare chapter 5.2.1).
The signal form is dominated by voltage-gated sodium channels.
HEK293 Cells
In the following, a HEK293 cell on a p-channel floating gate FET is stimulated by a
patch pipette in voltage clamp mode. The cell is clamped to a holding potential of
−70mV ; the stimulation pulse depolarises the cell for 500ms to +50mV . During this
time, voltage-gated potassium channels open and potassium ions diffuse out from the
cell, in the direction of the K+-gradient. Fig. 5.10-A shows the current of the first two
stimulation sweeps (out of a series of 51 sweeps), recorded with the patch clamp am-
plifier. The first sweep always shows a slower kinetic behaviour than the following ones.
This difference is also visible in the corresponding FET recordings (fig. 5.10-B), without
the need for averaging. The peak-to-peak noise of the recorded signals is in the range of
400µV . The recorded potassium current results in a peak-to-peak junction potential of
more than 0.9mV .
A simple model for this kinetic behaviour is the ball and chain mechanism presented by
Armstrong et al. [1973] for voltage-gated sodium channels. The ion channel configuration
is described by two gates: the activation gate responsible for opening the channel, and
the inactivation gate (ball), blocking the channel. Depending on the states of the gates,
three conformations are distinguished:
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Fig. 5.10: A HEK293 cell on a p-channel floating gate FET (LG = 1.5µm, gm = 0.43mS)
stimulated for 500ms from a holding potential of −70mV to +50mV . A: Membrane current
IM for sweeps 1 and 2. B: Junction potential VJ of sweeps 1 and 2 recorded by the FET.
• Both gates closed:
Inactivated (closed) state
• Activation gate closed, inactivation gate open:
Resting (closed) state
• Both gates open:
Open state
These principles also apply to certain voltage-gated potassium channels, the so called
Shaker potassium channels [Hoshi et al., 1990]. According to Frings et al. [1998], the
bEAG1 channel shows voltage dependent inactivation comparable to Shaker potassium
channels. The first depolarising stimulation pulse sets the initially randomly distributed
closed channel conformations to the resting state. The recorded current of this first
sweep thus shows a slower kinetic behaviour, which can clearly be observed in the FET
recordings.
In fig. 5.11-A and -B, the stimulation pulse and the membrane current IM are shown.
Fig. 5.11-C shows the corresponding junction potential, recorded with the p-channel
floating gate FET. All signals were averaged over 50 sweeps. Five regions of the FET
signal can be discriminated, the numbers refer to the numbers in fig. 5.11-C:
• Capacitive transients at the onset (1) and off-set (3) of the stimulus
• An increasing amplitude of VJ (2)
• An instantaneous decline (fast component) of VJ (4)
• A slower relaxation of VJ towards the initial amplitude (5)
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The kinetics of the recorded FET signal differs from the membrane current IM (fig. 5.11-
D). The increasing amplitude of VJ (2) shows a slower kinetics than IM . Furthermore,
the membrane current lacks the slower relaxation (5), declining instantaneously to the
initial amplitude.
Fig. 5.11: HEK293 cell on a p-channel sensor (LG = 1.5µm, gm = 0.43mS). A: Stimulation
pulse (voltage clamp mode). B: Membrane current IM . C: Recorded FET signal VJ . A quasi-
linear drift was subtracted. The meaning of the numbers is given in the text. D: The kinetics
of VJ compared to the kinetics of IM . All signals were averaged over 50 sweeps.
Fig. 5.12-A shows VJ in comparison to VPCM of the point-contact model. VPCM is
calculated with the software PSpice by means of an equivalent circuit (fig. 2.19). The
values VM and IM are measured with the patch clamp amplifier, where IM refers to the
potassium current of the HEK293 cell. The surface area of the cell is estimated from the
value CM , assuming a specific membrane capacitance of cM = 1µF cm
−2 [Adam et al.,
1988]. The junction membrane AJM is assumed to be 23% of the total membrane area
AM , resulting in a good simulation. The value of 23% corresponds to investigations on
TEM-sections of HEK293 cells [Ho¨ller, 2005], where a value of 28± 10% was found. The
seal resistance RJ = 260kΩ is calculated from the capacitive transients of the rectangular
stimulation pulse (eq. 2.26).
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Fig. 5.12: A: VJ in comparison to VPCM of the point-contact model, calculated with PSpice.
B: Concentration changes of Na+, K+ and Cl− in the cleft. C: Contributions of the point-
contact model (VPCM ), electrodiffusion (Vdiff) and the ion sensitivity of the surface (Vis). D:
VJ modelled by the sum of VPCM , Vdiff and Vis. AJM is assumed to be 23% of AM .
The simulation of VPCM shows both the capacitive transients and the instantaneous
decline at the off-set of the stimulation pulse. The instantaneous decline comprises 90%
of the fast FET signal component. VPCM does not show the slower relaxation towards the
initial amplitude at the off-set of the stimulation pulse. The amplitude of VPCM is smaller
than VJ : at t = 0.5s, VPCM has an amplitude of 0.16mV in comparison to VJ = 0.79mV .
The contribution Vdiff of the electrodiffusion to the simulation of VJ is calculated for each
time step, according to the following inductive algorithm:
1. Calculation of the K+ influx by means of IM and AJM .
2. Calculation of the K+ concentration in the cleft.
3. Calculation of the K+ concentration gradient (Nernst-Planck term, eq. 2.29).
4. Calculation of the K+ concentration after the K+ efflux.
5. Calculation of the changed Na+ and Cl− concentrations (eq. 2.32).
6. Calculation of Vdiff (eq. 2.31) with the Nernst-Planck term.
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The radius rJM = 13.6µm is calculated as the radius of a semi-sphere shaped cell with
the surface area AM . The height of the cleft hcleft is supposed to be 64nm [Ho¨ller, 2005].
The concentration changes of the considered ions at the centre of the cleft during
stimulation are plotted in fig. 5.12-B. They are calculated according to the algorithm
presented above. The course of the concentration changes shows a slow relaxation at the
off-set of the stimulation pulse.
The contribution Vis of the K
+ surface sensitivity to the simulation of VJ is calculated by
means of eq. 2.33. The sensitivity of the SiO2 surface is assumed to be SFET = 0.7mV/pK
[Wrobel et al., 2005]. Vis is calculated with the potassium concentration obtained by the
algorithm above.
Fig. 5.12-C shows the contributions of the point-contact model (VPCM), electrodiffusion
(Vdiff) and the ion sensitivity of the surface (Vis). The sum of these three parts result in
a good simulation of VJ (fig. 5.12-D).
The percentage size of AJM has a considerable influence on the simulated signal
amplitude. In addition to the simulation with AJM assumed to be 23% of AM , a simulation
with AJM assumed to be 10% of AM , a widely used value [Vassanelli and Fromherz, 1999],
is added to the plot. The amplitude of this simulation is too low to fit VJ .
Fig. 5.13: Simulation of VJ(t) with AJM as-
sumed to be 23% of AM , resulting in a good
approximation. The amplitude of a simula-
tion with AJM assumed to be 10% of AM
results in a too low amplitude.
With this exemplary signal simulation it is shown, that the complex set of parame-
ters and starting conditions can be used to fit the signal shapes of these experiments. The
time-course of the signals depends crucially on the intra- and extracellular ion concentra-
tions [Brittinger, 2004] and on the contact topography of the respective experiment. In
contrast to the experiments described in [Brittinger and Fromherz, 2005], differences in
VJ depending on the type of FET device (p-channel or n-channel) were reported [Wrobel
et al., 2005]. To directly compare the signals from n- and p-channel FETs, a special chip
was designed (chapter 4.3). The first results obtained with these chips will be reported
below.
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5.2.3 Combined n- and p-Channel Sensors
Fig. 5.14 shows a DIC micrograph of HEK293 cells on a chip with combined sensor areas
of n- and p-channel floating gate FETs. A patch pipette contacts a cell situated on a
sensor area at the centre of the image.
Fig. 5.14: DIC micrograph of HEK293 cells
on a chip with combined n- and p-channel
floating gate FETs (LG = 1.5µm). In the cen-
tre of the image, a cell on a sensor is con-
tacted by a patch pipette. To better visualise
the pipette, it is highlighted.
A sample measurement is shown in figures 5.15 (patch clamp recordings) and 5.16 (FET
recordings). Two alternating stimulation profiles with a depolarising and a hyperpolaris-
ing pre-pulse were applied to the cell in voltage clamp mode (42 times, each), fig. 5.15-A
and -B. The different pre-pulses trigger the channel population towards a fast activa-
tion mode (depolarising pre-pulse) or a slow activation mode (hyperpolarising pre-pulse),
so that both kinetic modes can be recorded during one measurement. The respective
membrane current was recorded with the patch clamp amplifier (fig. 5.15-C and -D); the
difference between fast and slow activation modes can easily be recognised. The mem-
brane current shows a decline during the actual stimulation pulse. This decline is reported
to occur for some cells at a stimulation voltage ≥ 50mV [Frings et al., 1998].
Fig. 5.16 shows the respective signals recorded with both an n-channel and a p-channel
floating gate transistor, simultaneously (averaged over 42 sweeps). The transconductance
is 1.42mS for the n-channel FET and 0.55mS for the p-channel FET, the channels have a
length of LG = 2µm. A quasi-linear drift of the transistor signal (compare chapter 4.1.1)
was subtracted.
The fast (A and C) and slow (B and D) activation modes of the potassium channels can
be recognised from the averaged transistor recordings. The saturated signal amplitude at
the end of the stimulation pulse (t = 0.9s) is 0.22mV for the n-channel FET and 0.19mV
for the p-channel FET. At the off-set of the stimulation pulse (t = 1.0s), the signal drops
instantaneously to 0.05mV for all transistors, followed by a relaxation towards the initial
signal amplitude.
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Fig. 5.15: Two different, alternating stimulation pulses and the respective current traces of
a HEK293 cell on a combined sensor area of n- and p-channel FETs in voltage clamp mode
(holding potential −70mV , stimulation pulse +50mV , 500ms). A, C: Depolarising pre-pulse
(+75mV , 75ms). B, D: Hyperpolarising pre-pulse (−120mV , 250ms). Average over 42 sweeps,
each.
Fig. 5.16: Recorded FET signals of the HEK293 cell in fig. 5.15. A: n-channel FET (LG =
1.5µm, gm = 1.42mS), depolarising pre-pulse. B: n-channel FET, hyperpolarising pre-pulse.
C: p-channel FET (LG = 1.5µm, gm = 0.55mS), depolarising pre-pulse. D: p-channel FET,
hyperpolarising pre-pulse. Average over 42 sweeps, each. A quasi-linear drift of the transistor
signals was subtracted.
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These are the first measurements with this combined sensor. Comparing the signal
relaxation at the off-set of the stimulus, one might get the impression, that the relax-
ation for p-channel FETs is faster than for n-channel FETs. However, to make a reliable
prediction concerning the influence of the transistor type on the recorded signals, more
measurements have to be taken into account. The presented data is shown to demonstrate
the feasibility of this kind of investigation with the presented compound sensors.
5.3 Addressable Sensor Arrays
In the following, two sample cell measurements performed with row-column arrays are
presented.
Cardiac Myocytes
Embryonic rat cardiac myocytes were cultured on chips with a 4 × 4 row-column array
of n-channel floating gate transistors. Fig. 5.17-A shows a signal trace of recorded action
potentials at day 2 in vitro. The enlargement in fig. 5.17-B reveals the fast depolarisation
of the first action potential. In the presented signal trace, no sodium, calcium or potassium
components can be identified (compare chapter 5.2.1). The signal form is dominated by
capacitive coupling of the stimulus current.
Fig. 5.17: Embryonic rat cardiac myocytes on a chip with a 4 × 4 row-column array of
n-channel FETs (LG = 1.5µm, gm = 1.4mS). A: Signal recorded for 5s. A quasi-linear drift
of the transistor signals was subtracted. B: Enlargement of the first action potential.
HEK293 Cells
Fig. 5.18 shows a HEK293 cell on a 8 × 8 row-column array of p-channel floating gate
transistors. The cell is clamped to a voltage of −70mV and stimulated for 500ms with a
voltage pulse of +50mV . In fig. 5.19-A and -B, the stimulation pulse and the membrane
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Fig. 5.18: DIC micrograph of a HEK293 cell
on a 8×8 row-column array of p-channel FETs
(LG = 2µm), contacted by a patch pipette. To
better visualise the pipette, it is highlighted.
current IM are shown. Fig. 5.19-C shows the corresponding junction potential, recorded
with the p-channel floating gate FET. All signals are averaged over 15 sweeps. The
kinetics of the recorded FET signal differs from the membrane current IM (fig. 5.19-D),
as described in chapter 5.2.2.
Fig. 5.19: HEK293 cell on a p-channel sensor (LG = 2µm, gm = 0.65mS) of a 8 × 8
row-column array. A: Stimulation pulse (voltage clamp mode). B: Membrane current IM . C:
Recorded FET signal VJ . A quasi-linear drift was subtracted. D: The kinetics of VJ compared
to the kinetics of IM . All signals were averaged over 15 sweeps.
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Fig. 5.20-A shows VJ in comparison to VPCM of the point-contact model, calculated
with the software PSpice by means of an equivalent circuit (fig. 2.19). The junction
membrane AJM is assumed to be 23% of the total membrane area AM , resulting in
a good simulation. The seal resistance RJ = 294kΩ is calculated from the capacitive
transients of the rectangular stimulation pulse (eq. 2.26).
Fig. 5.20: A: VJ in comparison to VPCM of the point-contact model, calculated with PSpice.
B: Concentration changes of Na+, K+ and Cl− in the cleft. C: Contributions of the point-
contact model (VPCM ), electrodiffusion (Vdiff) and the ion sensitivity of the surface (Vis). D:
VJ modelled by the sum of VPCM , Vdiff and Vis. AJM is assumed to be 23% of AM .
The simulation of VPCM shows both the capacitive transients and the instantaneous
decline at the off-set of the stimulation pulse. The instantaneous decline comprises 90%
of the fast FET signal component. VPCM does not show the slower relaxation towards the
initial amplitude at the off-set of the stimulation pulse. The amplitude of VPCM is smaller
than VJ : at t = 0.5s, VPCM has an amplitude of 0.12mV in comparison to VJ = 0.53mV .
The contribution Vdiff of the electrodiffusion to the simulation of VJ is calculated for each
time step according to the algorithm described in chapter 5.2.2. The radius rJM = 11.8µm
is calculated as the radius of a semi-sphere shaped cell with the surface area AM . The
height of the cleft hcleft is supposed to be 64nm [Ho¨ller, 2005]. The concentration changes
of the considered ions at the centre of the cleft during stimulation are plotted in fig. 5.20-B.
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They are calculated according to the algorithm presented in chapter 5.2.2. The course of
the concentration changes shows a slow relaxation at the off-set of the stimulation pulse.
The contribution Vis of the K
+ surface sensitivity to the simulation of VJ is calculated by
means of eq. 2.33. The sensitivity of the SiO2 surface is assumed to be SFET = 0.7mV/pK
[Wrobel et al., 2005]. Vis is calculated with the potassium concentration obtained by the
algorithm presented in chapter 5.2.2. Fig. 5.20-C shows the contributions of the point-
contact model (VPCM), electrodiffusion (Vdiff) and the ion sensitivity of the surface (Vis).
The sum of these three parts result in a good simulation of VJ (fig. 5.12-D).
5.4 Stimulation with the Floating Gate
To test the devices’ capability for stimulating cells, HEK293 cells were grown on the
chips and stimulated by a burst of rectangular pulses applied a capacitor connected to
the floating gate. Both the pulse width and the interval between two pulses were 20µs.
The amplitude of the pulses was 1V and 3V , respectively. The cell in the presented
measurements (fig. 5.21) covered about 70% of the sensing area. It was contacted by a
patch pipette, which was set to VM ≈ −50mV in current clamp mode. The required
holding current was Ihold = −727pA and the compensated leak conductance was GL =
11.8nS.
Fig. 5.21: HEK293 cell on an n-channel tran-
sistor (LG = 2µm) with the floating gate con-
tacted via a capacitor. The cell is contacted
by a patch clamp pipette. To better visualise
the pipette, it is highlighted.
The passive time constant τ of a cell is calculated as the product of the membrane
capacitance CM and the membrane resistance RM . For neurons, it is in the range of
20− 50ms [Kandel et al., 2000]. If the cell gets leaky as a consequence of the patch con-
tact, RM and thus τ become smaller. The values for the measured cell given by the patch
clamp amplifier are CM ≈ 50pF and RM ≈ 80MΩ. This results in a time constant of 4ms.
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Fig. 5.22 shows a stimulation with 10 pulses at an amplitude of 3V . About 1ms
after the stimulation pulse, the membrane potential increases from −46.5mV to −33mV .
During the following relaxation, the potential decreases back to its initial value. The
relaxation can be fitted by an exponential decay of the second order (eq. 5.2).
VM = VM,0 + A1e
−t/τ1 + A2e−t/τ2 (5.2)
with the initial voltage VM,0, two constants A1 and A2, and the two time constants τ1 and
τ2. The time constants of the fit result in τ1 = 17ms and τ2 = 460ms. τ1 is in the range
of the passive time constant for this cell, as calculated above. If the cell gets ruptured
by the stimulation pulses, ions flow across the membrane and depolarise the cell. The
subsequent sealing takes place in the nanosecond range, as reported in chapter 4.5. The
time constant τ2 of the fit may be related to the reconstitution of the membrane potential,
taking much longer than a mere passive response. These results are a clear indication of
electroporation of the cell membrane.
Fig. 5.22: Capacitive stimulation of a HEK293 cell in current clamp mode by a burst of 10
voltage pulses at 3V . A: Stimulation pulses. B: Depolarisation and relaxation of the membrane
potential (average over 5 sweeps, stimulation interval 2s). C: Enlargement of B.
Fig. 5.23 shows a stimulation with 20 pulses at an amplitude of 3V . About 1ms
after the stimulation pulse, the membrane potential increases from −46.5mV to −33mV .
During the following relaxation, the potential decreases back to its initial value. The
relaxation can again be fitted by an exponential decay of the second order with the
two time constants τ1 = 17ms and τ2 = 300ms. The situation can be compared to the
stimulation above. Increasing the number of stimulation pulses does not result in a more
effective depolarisation of the cell membrane.
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Fig. 5.23: Capacitive stimulation of a HEK293 cell in current clamp mode by a burst of 20
voltage pulses at 3V . A: Stimulation pulses. B: Depolarisation and relaxation of the membrane
potential (average over 5 sweeps, stimulation interval 2s). C: Enlargement of B.
Fig. 5.24 shows a stimulation with 20 pulses at an amplitude of just 1V . About
1ms after the stimulation pulse, the membrane potential increases from −49.5mV to
−37.5mV . During the following relaxation, the potential decreases back to its initial
value. In this case, the relaxation can be fitted by an exponential decay of the first order
with a time constant of τ = 1.5ms. This time constant is in the range of the calculated
time constant for this cell. It seems that the stimulation amplitude of 1V was not enough
to electroporate the cell. The measurement shows the normal course of a capacitive
depolarisation and relaxation of the passive cell membrane. This again is a confirmation
that the previous stimulation protocols induced electroporation, whereas the stimulation
at an amplitude of 1V does not.
Fig. 5.24: Capacitive stimulation of a HEK293 cell in current clamp mode by a burst of 20
voltage pulses at 1V . A: Stimulation pulses. B: Depolarisation and relaxation of the membrane
potential (average over 5 sweeps, stimulation interval 2s). C: Enlargement of B.
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The results of the electrical characterisation together with the successful depolar-
isation of a HEK293 cell clearly show, that the presented floating gate transistors are
capable to either record or stimulate coupled cells. For applications, where a high den-
sity of both stimulating and recording spots is required, the presented design provides a
space-saving and effective solution.
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In this work, a floating gate field effect transistor for the coupling of electrogenic cells was
presented. The design decoupled the transistor gate from the sensing area and arranged
them one upon the other (sandwich design). Both parts were tuned individually: the
transistors were optimised towards high transconductance and low noise, and the sensing
area was adapted to the size of the investigated cells. Besides saving space, the sandwich
design implied a protection of the vulnerable, thin gate oxide from the electrolyte
solution, resulting in long-lasting and reusable devices. The transistor’s capability for
electronic cell coupling was successfully tested with different cellular systems. However,
in comparison to open-gate FETs, the floating gate involved an additional drift that
interfered with long-term measurements. For measurements in the range of minutes, the
quasi-linear drift could easily be subtracted from the signal.
The first part of the fabrication process was compatible with a standard CMOS
process, including p-channel FETs, n-channel FETs and capacitors. The second part
of the process, including the interconnect layer and the passivation layer protecting
the devices from an electrolyte solution, was developed during these studies. To be
compatible to the PECVD tool depositing the passivation layer, the interconnect
layer was made out of polysilicon. To reduce the specific resistance of the feed lines,
the interconnect layer was silicided with titanium. The passivation consisted of a
layer stack of silicon dioxide, silicon nitride and silicon dioxide. The sensing areas
were etched free and thermally oxidised to form a thin sensing dielectric and to
enable a floating gate structure. The oxide grown from titanium silicide turned out
to have a low quality for sensing purposes. Therefore, an additional oxide layer was
structured prior to the titanium deposition, to protect the sensing areas from silicidation.
The different chips of the fabricated wafers contained single electronic components,
logical circuits, individually contacted sensor arrays, addressable sensor arrays, or arrays
for recording and stimulation, simultaneously.
Chips with individually contacted n-channel floating gate FETs and sensing areas of
varying size were used to examine the influence of the sensing area on the transistor’s
performance. Sensors with a ratio (sensing area : gate area) smaller than 5 resulted in
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a pronounced reduction of the transconductance. An equivalent circuit was established
to describe the sensor’s geometry. The dependence of the transconductance on the ratio
(sensing area : gate area) was described mathematically. The chips showed good coupling
properties, as demonstrated with embryonic rat cardiac myocytes. The influence of
cardiac drugs on the recorded cell signals was demonstrated by means of isoproterenol,
a β-adrenergic receptor agonist, confirming the function of the devices as biosensors for
pharmacological studies.
The p-channel transistors exhibited a diode-like behaviour due to an undesired dopant
distribution in the p+ regions of source and drain. The voltage drop at the source and
drain contacts led to a lower transconductance at given voltages. An additional doping
to correct the existing dopant profile should be a solution for the remaining process
wafers. Nevertheless, the transistors worked perfect for cell-transistor couplings, as
demonstrated with embryonic rat cardiac myocytes and genetically modified HEK293
cells, expressing a voltage-gated potassium channel. The signals of cardiac myocytes
could be simulated by means of an equivalent electrical circuit. For the simulation of
HEK293 cell signals, additional effects had to be considered, namely electrodiffusion and
the ion sensitivity of the sensor surface.
A special chip was designed to examine the dependence of the recorded signal shape on
the type of transistor (n-channel FET versus p-channel FET) used. Two floating gate
transistors of different type were placed next to each other, with their sensing areas
arranged side by side between the transistors. This compound sensor area enabled to
measure one cell with both an n-channel and a p-channel FET, simultaneously. Cell
couplings were performed with genetically modified HEK cells expressing a voltage-gated
potassium channel with a well known kinetic behaviour.
To increase the number of sensors and thus to increase the probability of a cell growing
on a sensor spot, so called row-column arrays were built, with each transistor connected
to a horizontal and to a vertical feed line. In case of 8×8 arrays, the number of electrical
contacts could be reduced from 128 to 16 in comparison to individually contacted
transistors. The arrays allowed measurements with up to two transistors, simultaneously.
With multiplexing it should be possible to simultaneously record from all transistors.
However, the maximum possible sampling frequency per channel will be limited by
parasitic capacitances. The row-column arrays were successfully tested with embryonic
rat cardiac myocytes and genetically modified HEK293 cells. In addition, an array of
32 × 32 floating gate transistors was built, controlled by two 5-bit decoders for the 32
rows respectively for the 32 columns. It was possible to activate and characterise single
transistors of the array.
To establish a bidirectional connection between transistors and coupled cells, the floating
gate was electrically contacted to apply stimulation pulses. This contact had to be
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established via a large valued resistor, to keep the gate floating. Several components
have been tested to connect the floating gate, such as diodes, FETs and so called Quasi
Floating Gate transistors. The only component, that preserved the sensing capabilities
of the floating gate transistor was a capacitor. With this combination, it was possible to
depolarise HEK293 cells in current clamp mode, demonstrating the ability of stimulation.
The established CMOS fabrication process revealed the great possibilities of our
cleanroom facilities. The presented sensor arrays showed very good characteristics
concerning the signal-to-noise ratio and long-term stability. Logical elements such as
inverters and decoders were successfully built and used in addressable sensor arrays.
It was shown, that floating gate FETs for cell recording and stimulation purposes can
be built with a process compatible to CMOS. Thus, it should be possible to outsource
the fabrication of future chips to a professional semiconductor facility. Furthermore,
outsourcing would allow to integrate more complex logical elements – such as on-chip
amplification, on-chip signal digitising or multiplexing – together with a prior exact
simulation of the layout.
The passivation of the chips against an electrolyte solution and the application of a
suitable sensing dielectric for cell couplings is not part of a standard CMOS process.
Externally fabricated chips could be further processed in our cleanroom, to deposit
suitable layers. Another possibility would be to connect an externally fabricated chip,
containing logical elements as described above, to a homemade chip (e.g. by flip-chip
technology) comprising the sensing structures.
The different arrays of floating gate FETs have been shown to be well suited for
extracellular recordings. The sandwich design of the transistors is space-saving and de-
couples the sensing area from the transistor gate. This makes the devices long-lasting and
reusable. The additional electrical connection of the floating gate by means of a capacitor
enables a capacitive stimulation of coupled cells. Thus, the presented floating gate FETs
are a promising concept for the bidirectional extracellular coupling of electrogenic cells.
111
6. Conclusions and Outlook
112
A Process Overview
In the following, the fabrication process of the sensors is described. The first part of the
process was adopted from a twin-well, 1.3µm, double polysilicon, double metal CMOS
process of the Microfabrication Laboratory, University of California at Berkeley (http:
//microlab.berkeley.edu/). The second part including interconnections, passivation
and metallisation was developed during the presented studies. The sensors of the first
fabrication process did not include the following process items:
• n-wells and subsequent implantations
• Second polysilicon layer (capacitors)
• Oxide layer, that protects part of the interconnections from silicidation
The thicknesses of the SiO2 layers were measured on test wafers by ellipsiometry, with
two exceptions: the thickness of the sensing oxide was measured by means of TEM mi-
crographs (chapter 3.1.2) and the thickness of the capacitor oxide was measured on crys-
talline silicon instead on polysilicon. In the figures A.1-A.9, each left structure refers to
a p-channel FET, each center structure to an n-channel FET and each right structure to
a capacitor. The schematics were drawn by R. Stockmann. They are exemplary and not
to scale. The colours are defined as follows:
A.1 Well Implantations
The silicon wafers (tab. A.1) were initially oxidised at 950◦C (60min dry oxidation: 32nm
SiO2; 20min tempering) and covered with 100nm Si3N4 by LPCVD, fig. A.1-1. The
wafers were spin-coated with AZ5214 photo resist (AZ Electronic Materials, Wiesbaden,
Germany), aligned to the n-well mask and exposed (contact exposure, λ = 365nm). Si3N4
was etched by RIE with a CHF3/CF4 plasma, fig. A.1-2. The n-well area was phosphorous
doped (4 · 1012cm−2, 80keV ), fig. A.1-3. The photo resist was removed and the wafers
were cleaned by the RCA method (tab. A.2). The wafers were oxidised at 950◦C (30min
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Company Silicon Materials, Landsberg, Germany
Diameter 100mm
Thickness 525± 25µm
Orientation 〈100〉
Type / dopant p / boron
Resistivity 24− 36Ωcm
Tab. A.1: Wafers used for the specified fabrication process.
Name Composition Temperature and Time
Piranha Solution H2O2 : H2SO4 = 2 : 1 60
◦C, 10min
HF-dip 1% (v/v) HF room temperature, 10s
SC1 H2O : H2O2 : NH4OH = 20 : 4 : 1 60
◦C, 10min
HF-dip 1% (v/v) HF room temperature, 10s
SC2 H2O : H2O2 : HCl = 20 : 1 : 1 60
◦C, 10min
Tab. A.2: Details of the RCA cleaning procedure, the in-
dustry standard for removing contaminants from wafers.
dry oxidation, 175min wet oxidation, 50min dry oxidation: 440nm SiO2) and Si3N4 was
removed by phosphoric acid at 145◦C for 50min, fig. A.1-4. After boron implantation of
the p-well area (3 · 1012cm−2, 80keV ) followed an RCA cleaning and a drive-in at 1120◦C
(240min dry oxidation: 300nm SiO2; 300min tempering), fig. A.1-5.
Fig. A.1: Well implantations.
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A.2 Field Implantations
The oxide was stripped by buffered HF (2% v/v), followed by a RCA clean. The wafers
were oxidised at 950◦C (60min dry oxidation: 30nm SiO2; 20min tempering) and covered
with 100nm Si3N4 by LPCVD, fig. A.2-6. The wafers were spin-coated with AZ5214
photo resist, aligned to the active-area mask and exposed. Si3N4 was etched by RIE with
a CHF3/CF4 plasma, fig. A.2-7. The wafers were again spin-coated with AZ5214 photo
resist, aligned to the p-field mask and exposed. The p-well field area was boron doped
(1.5 · 1013cm−2, 70keV ), fig. A.2-8. The two photo resist layers were removed, the wafers
were spin-coated with AZ5214 photo resist, aligned to the n-well mask and exposed. The
n-well field area was phosphorous doped (3 · 1012cm−2, 40keV ), fig. A.2-9. The photo
resist was removed and the wafers were cleaned by RCA. The wafers were oxidised at
950◦C (LOCOS: 5min dry oxidation, 280min wet oxidation, 5min dry oxidation: 650nm
SiO2; 20min tempering). Si3N4 was removed by phosphoric acid at 145
◦C for 50min, fig.
A.2-10, and the wafers were cleaned by RCA.
Fig. A.2: Field implantations.
A.3 Punchthrough and Threshold Adjustment
Implantations
A sacrificial oxide was built at 950◦C (30min dry oxidation: 20nm SiO2; 30min temper-
ing). The wafers were spin-coated with AZ5214 photo resist, aligned to the p-field mask
and exposed. Two boron implantations were performed: the n-channel punchthrough
implantation and the threshold adjustment implantation (8 · 1011cm−2, 120keV and
1.9 ·1012cm−2, 30keV , respectively), fig. A.3-11. The photo resist was removed, the wafers
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were spin-coated with AZ5214 photo resist, aligned to the p-threshold mask and exposed.
Again, two implantations were performed: the p-channel punchthrough implantation with
phosphorous (1 · 1012cm−2, 190keV ) and the threshold adjustment implantation with
boron (2.4 · 1012cm−2, 20keV ), fig. A.3-12. The photo resist was removed and the wafers
were cleaned by RCA.
Fig. A.3: Punchthrough and threshold adjustment implantations.
A.4 Gate Oxidation
The gate oxide was built at 820◦C (60min dry oxidation: 8nm SiO2). Immediately after
the oxidation, 450nm polysilicon (poly 1 ), fig. A.4-13, and 100nm SiO2 were deposited
by LPCVD. The polysilicon is n-doped with phosphor (≈ 1 · 1020 atoms · cm−3). The
wafers were spin-coated with UV6 photo resist (Rohm and Haas Electronic Materials,
Feldkirchen, Germany), aligned to the poly1-gate mask and exposed (contact exposure,
λ = 248nm). SiO2 was etched by RIE with a CHF3/CF4 plasma. The structured SiO2
served as a hard mask for the subsequent polysilicon etching. The wafers were cleaned
with piranha solution (60◦C, 10min) and polysilicon was etched by RIE with a HBr/O2
plasma. SiO2 was etched by RIE with a CHF3 plasma, fig. A.4-14, and the wafers were
cleaned by RCA.
Fig. A.4: Gate oxidation.
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A.5 Capacitor Formation
Reoxidation was performed at 900◦C (30min dry oxidation: 12nm SiO2 on crystalline sili-
con; 20min tempering). 450nm n-doped polysilicon (poly 2 ), fig. A.5-15, and 100nm SiO2
were deposited by LPCVD. The wafers were spin-coated with UV6 photo resist, aligned
to the poly2-capacitor mask and exposed. SiO2 was etched by RIE with a CHF3/CF4
plasma. The structured SiO2 served as a hard mask for the subsequent polysilicon etch-
ing. The wafers were cleaned with piranha solution (60◦C, 10min) and polysilicon was
etched by RIE with a HBr/O2 plasma, fig. A.5-16. The residual oxide was used for the
following implantation.
Fig. A.5: Capacitor formation.
A.6 Source and Drain Implantations
The wafers were spin-coated with AZ5214 photo resist, aligned to the n-source/drain
mask and exposed. The n+ regions were arsenic doped (5 · 1015cm−2, 100keV ), fig. A.6-
17. The photo resist was removed, the wafers were cleaned by RCA (without HF-dips)
and annealed (900◦C, 30min). Then, the wafers were spin-coated with AZ5214 photo
resist, aligned to the p-source/drain mask and exposed. The p+ regions were boron doped
(5 · 1015cm−2, 20keV ), fig. A.6-18. The photo resist was removed and the wafers were
cleaned by RCA. 550nm SiO2 (field oxide) were deposited by LPCVD and the wafers
were annealed again (900◦C, 30min).
Fig. A.6: Source and drain implantations.
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A.7 Interconnections
The wafers were spin-coated with UV6 photo resist, aligned to the contact-poly1 mask
and exposed. SiO2 was etched by RIE with a CHF3 plasma, to form contact holes. The
wafers were cleaned by RCA. 450nm n-doped polysilicon (poly 3 ), fig. A.7-19, and 100nm
SiO2 were deposited by LPCVD. The wafers were spin-coated with UV6 photo resist,
aligned to the poly3-interconnections mask and exposed. SiO2 was etched by RIE with a
CHF3 plasma. The structured SiO2 served as a hard mask for the subsequent polysilicon
etching. The wafers were cleaned with piranha solution (60◦C, 10min) and polysilicon
was etched by RIE with a HBr/O2 plasma, fig. A.7-20. SiO2 was etched by RIE with a
CHF3 plasma, and the wafers were cleaned by RCA.
50nm SiO2 were deposited by LPCVD to protect the sensing areas as well as polysilicon-
polysilicon and polysilicon-p+ contacts from silicidation. The wafers were spin-coated
with UV6 photo resist, aligned to the TiSi2-protect mask and exposed. SiO2 was etched
by RIE with a CHF3 plasma, and the wafers were cleaned by RCA (without HF-dips).
A layer of 50nm titanium was deposited on the polysilicon layer, and silicided to TiSi2,
fig. A.7-21, in a two step temper process:
• First temper step: 30s at 675◦C
• SC1 (H2O : H2O2 : NH4OH = 5 : 1 : 1) etching for 5− 6min
• Second temper step: 30s at 850◦C
Fig. A.7: Interconnections.
A.8 Passivation
The wafers were cleaned with piranha solution and SC1 (both 60◦C, 10min). A stack
of 100nm SiO2 (PECVD), 150nm Si3N4 (LPCVD) and 100nm SiO2 (LPCVD), called
ONO stack, was deposited. The wafers were spin-coated with UV6 photo resist, aligned
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to the contact-sensors mask and exposed. The ONO stack was etched by RIE with a
CHF3/CF4 plasma, fig. A.8-22. The CF4 gas was switched off when the Si3N4 layer was
etched through.
The wafers were cleaned by RCA and oxidised at 800◦C (10min dry oxidation: 22nm
SiO2) to build a thin oxide on the sensing areas, fig. A.8-23.
Fig. A.8: Passivation.
A.9 Metallisation
The wafers were spin-coated with UV6 photo resist, aligned to the contact-bondpads
mask and exposed. The ONO stack was etched by RIE with a CHF3/CF4 plasma, fig.
A.9-24. The CF4 plasma was switched off when the Si3N4 layer was etched through. The
wafers were spin-coated with AZ5214 photo resist, aligned to the metallisation mask
and exposed as a lift-off process. 10nm titanium and 150nm gold were deposited on the
wafers. The photo resist and the metal layer on top was removed by acetone, fig. A.9-25.
Fig. A.9: Metallisation
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B Chemicals and Buffer Solutions
B.1 Chemicals for Cell Culture
Acetone Sigma-Aldrich Chemie GmbH
CaCl2 Sigma-Aldrich Chemie GmbH
Taufkirchen, Germany
DNAse II No. D8764, Sigma-Aldrich Chemie GmbH
EDTA No. E5134, Sigma-Aldrich Chemie GmbH
EGTA No. E3889, Sigma-Aldrich Chemie GmbH
Ethanol Sigma-Aldrich Chemie GmbH
FCS No. S0113, Biochrom AG
Berlin, Germany
FCS No. 10270-106, Invitrogen GmbH
Karlsruhe, Germany
Fibronectin No. F1141, Sigma-Aldrich Chemie GmbH
Glucose Sigma-Aldrich Chemie GmbH
Glutaraldehyde Sigma-Aldrich Chemie GmbH
Ham’s F-10 [Ham, 1963] Sigma-Aldrich Chemie GmbH
HBSS (+Ca2+,+Mg2+) No. 14180-046, Invitrogen GmbH
HBSS (−Ca2+,−Mg2+) No. 14060-040, Invitrogen GmbH
HBSS (−NaHCO3) No. H6648, Sigma-Aldrich Chemie GmbH
HEPES Sigma-Aldrich Chemie GmbH
Isoproterenol No. I2760, Sigma-Aldrich Chemie GmbH
ITS No. I3146, Sigma-Aldrich Chemie GmbH
KCl Sigma-Aldrich Chemie GmbH
KH2PO4 Carl Roth GmbH, Karlsruhe, Germany
KOH Sigma-Aldrich Chemie GmbH
L-Glutamine No. G7513, Sigma-Aldrich Chemie GmbH
MgCl2 × 6H2O Sigma-Aldrich Chemie GmbH
Minimal essential medium No. M2279, Sigma-Aldrich Chemie GmbH
Na2HPO4 Carl Roth GmbH
NaATP No. A6419, Sigma-Aldrich Chemie GmbH
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NaCl Sigma-Aldrich Chemie GmbH
NaHCO3 Merck KGaA, Darmstadt, Germany
NaOH Merck KGaA
Non-Essential Amino Acids No. 11140-035, Invitrogen GmbH
Penicillin-streptomycin No. P4333, Sigma-Aldrich Chemie GmbH
Poly-L-lysine No. P1399, Sigma-Aldrich Chemie GmbH
Trypsin-EDTA No. T3924, Sigma-Aldrich Chemie GmbH
B.2 Buffer Solutions
B.2.1 Cardiac Myocytes
Culture Medium
Ham’s F-10 medium with additional ingredients:
Reagent Concentration
FCS 5% (v/v)
Insulin-Transferrin-Selenium
Supplements (ITS) 0.5% (v/v)
Penicillin-streptomycin 1% (v/v)
Penicillin: 10, 000units/ml
Streptomycin: 10mg/ml
Reagents dissolved in H2O (bidest). PH 7.2 adjusted with NaHCO3.
Extracellular Recording Solution
Reagent Concentration
NaCl 145mM
KCl 3mM
MgCl2 2mM
CaCl2 3mM
Hepes 10mM
Glucose 8mM
Reagents dissolved in H2O (bidest). PH 7.3 adjusted with NaOH.
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B.2.2 HEK293 Cells
Culture Medium
Minimal essential medium with additional ingredients:
Reagent Concentration
Glutamine 2mM
Non-Essential Amino Acids 1% (v/v)
FCS 10% (v/v)
Penicillin 100units/ml
Streptomycin 0.1mg/ml
Extra- and Intracellular Solutions
Extracellular Solution:
Reagent Concentration
NaCl 140mM
KCl 5mM
MgCl2 5mM
CaCl2 2mM
HEPES 10mM
Reagents dissolved in H2O
(bidest). PH 7.4 adjusted with
NaOH. Osmolarity adjusted with
glucose.
Intracellular Solution:
Reagent Concentration
KCl 125mM
MgCl2 2mM
HEPES 10mM
EGTA 10mM
Na-ATP 5mM
Reagents dissolved in H2O
(bidest). PH 7.4 adjusted with
KOH.
B.2.3 Other Solutions
Phosphate Buffered Saline (PBS)
Reagent Concentration
NaCl 137mM
KCl 2.7mM
Na2HPO4 8.1mM
KH2PO4 1.47mM
Reagents dissolved in H2O (bidest). Adjusted to pH 7.3.
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C Software Description
C.1 Software for Characterisation
The first program (fig. C.1) measures characteristics of n- or p-channel transistors, and
I-V curves. For transistor characteristics the gate is grounded; source and drain voltages
are calculated and applied accordingly. This configuration is important for measurements
in an electrolyte solution, as described before (chapter 2.5). A screen dump can be printed
and characteristics can be saved to disk in ASCII format.
The meaning of the input boxes ↘, check boxes , radio buttons  and buttons is
Fig. C.1: Screenshot of the computer program for transistor characteristics and I-V curves.
For demonstration purposes, an n-channel floating gate transistor (LG = 1.5µm, WG =
77.5µm) was characterised.
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described in the following table:
 Output Includes output characteristics in the measurement.
↘ From, To Range of the respective voltage.
↘ Steps Number of measuring points.
 Log Activates a logarithmic representation of the ordinate.
↘ min. value Minimum y-value for the logarithmic representation.
 Transconductance Includes the transconductance in the plot.
 Smooth Smooths the plotted transconductance.
 pFET, nFET, Resistor Activates default values for the chosen component.
I-V curves for resistors are plotted to the input graph.
↘ Channel Number of the active channel (1 . . . 16).
Go , Abort Starts respectively aborts the measurement.
Save , Print , Close Self describing.
The program was developed with Borland Delphi 5.0. The PCI-6071E DAQ board is
controlled by NIDAQ-drivers (National Instruments Corp.). The default values for most
of the input boxes are stored in an ini-file that is read during program startup.
C.2 Software for Cell Couplings
Another program for cell couplings (fig. C.2) was developed to characterise up to two
transistors, set them to a working point and perform measurements. If several sweeps
are recorded, all or a selection of sweeps can be averaged. Furthermore, the program can
import VM and IM of the patch clamp amplifier and display the actual temperature of the
inserted chip carrier. At the beginning of each sweep, either a trigger pulse is generated
to synchronise the patch clamp software Patchmaster, or an arbitrary stimulation pulse
is output. A screen dump can be printed and recordings can be saved on disk in ASCII
format. For further investigations, saved data files can be imported.
Input characteristics are measured as described for the characterisation software. A dou-
ble click on the characterisation window switches to the transconductance mode and
activates cross wires. The working point can be adjusted by moving the cross wires. The
respective voltages are applied to the transistor by pressing the activate button. The
DC offset of the first amplification stage is compensated automatically (compare chapter
3.2.2). For floating gate devices it is recommended to manually re-compensate the offset
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Fig. C.2: Screenshot of the computer program for cell couplings. For demonstration purposes,
both an n- and a p-channel floating gate transistor (LG = 2µm, WG = 77.5µm) were set to a
working point. A 5mV stimulation pulse was applied to the electrolyte solution and recorded
with both transistors, simultaneously.
by pressing the COMP button before starting a measurement. The actual transconduc-
tance and the compensation current are displayed. The meaning of the additional input
boxes ↘, check boxes , radio buttons  and buttons is described in the following
table:
 Stimulate DAC2 Deactivates the trigger output to DAC1 and enables the
output of the stimulation pulse to DAC2.
Load Pattern Imports a stimulation file from disk.
 One/All Sweeps, Average Sets the current view mode to one sweep, all sweeps or
average of the included sweeps.
 real input V, calc. values Sets the amplitudes to the real values measured with the
DAQ board, or to VJ , calculated by means of the transcon-
ductance and the amplification factors of the headstage.
↘ Sweep Number of the displayed sweep.
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 EX Excludes the displayed sweep from averaging.
EX Reset Resets all exclusions.
EX even Excludes all sweeps with an even number from averaging.
EX odd Excludes all sweeps with an odd number from averaging.
X-Axis < −+ > Controls the displayed section of all abscissas (move left,
zoom out, zoom in, move right).
 Y-Axis Fix Fixes all ordinates to the actual value.
 VPC Activates the recording of the patch clamp voltage.
↘ mV/mV Conversion factor of VM (normally 1).
 IPC Activates the recording of the patch clamp current.
↘ mV/pA Conversion factor of IM (“gain” of the patch clamp
software).
↘ ] of Passes Number of passes (=sweeps) per measurement.
↘ Time/Pass [s] Recording time per sweep.
↘ Delay [s] Delay between two sweeps (≥ 0.3s).
Res. ADC int. AD converter resolution for the two FETs.
Res. ADC ext. AD converter resolution for VM and IM .
Go , Abort Starts respectively aborts the measurement.
Save Saves the whole recording to disk.
Save AVG Calculates an average and saves it to disk.
Save Sweep Saves the displayed sweep to disk.
Load Imports any data file that was saved with this program.
Print , Close Self describing.
The program was developed with Borland Delphi 5.0. The PCI-6071E DAQ board
was controlled by NIDAQ-drivers (National Instruments Corp.). The default values for
the sample frequencies (recording and stimulation) and most of the input boxes are stored
in an ini-file that is read during program startup.
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D.1 Formula Signs
a(t) noise of the signal A(t)
A surface (area)
A− organic anions
Acleft area of contact between cleft and bulk
AFG gate area
AFM surface area of the free cell membrane
AJM surface area of the junction cell membrane
AM surface area of the cell membrane
Asens sensing area
A(t) time dependent signal
B bulk
B0 address bit 0
ciB concentration of ion i in the bulk
cFG specific capacitance of the floating gate
cGD specific parasitic field capacitance over the drain area
ciJ concentration of ion i in the cleft
cM specific capacitance of the cell membrane
cox specific capacitance of a SiO2 layer
csens specific capacitance of the sensing area
CD capacitance of the diffuse layer
Cfast capacitance of the pipette
CFG capacitance of the floating gate
CGD parasitic field capacitance over the drain area
CGS parasitic field capacitance over the source area
CH capacitance of the Helmholtz layer
CI capacitance of Helmholtz and diffuse layer
CJM capacitance of the junction cell membrane
CM capacitance of the cell membrane
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Cpar parasitic capacitance
Csens capacitance of the sensing area
Cstim capacitor connected to the floating gate for stimulation
Ctot total capacitance of the floating gate
CF coupling factor
d thickness of a layer
dox thickness of an oxide layer
D drain
Di diffusion constant of an ion i
e eccentricity of a spheroid
e0 elementary charge (1.60 · 10−19C)
E electric potential
E energy
EC energy at the bottom of the conduction band
EF Fermi level
Ei intrinsic Fermi level
EpH electric potential for a pH difference of 1
EV energy at the top of the valence band
Ei equilibrium potential for ions i
fD(E) Fermi-Dirac distribution
F Faraday constant (96485C mol−1)
FM free membrane = cell membrane not attached to the surface
g(E) state density
gL leak conductance of a cell
gm transconductance for transistors
gi specific conductivity for ions i
G gate
GJ seal conductance
GiJM conductivity of the junction membrane for ions i
GM conductance of the cell membrane
Gi conductivity for ions i
h height
hcleft height of the cleft
I current
IDS drain-source current
Ihold holding current of a patch clamp amplifier in current clamp mode
IM current through the patch pipette
IP pipette current
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I i current of ions i
J junction between cell and sensor surface
JM junction membrane = cell membrane attached to the surface
k Boltzmann constant (1.38× 10−23JK−1)
l length
L leak
LD Debye length
LG channel length of a FET
m∗ effective mass
M cell membrane
n negative charge carriers (electrons)
n− anions
n+ cations
niJ amount of ion i in the cleft
n0 ion concentration (ions per volume)
p positive charge carriers (holes)
P pipette
P i permeability for ions i
Q charge
rJM radius of a circular shaped junction membrane
R gas constant (8.31JK−1 mol−1)
R resistance
RJ seal resistor
RM resistance of a cell membrane
RS series resistance of pipette and broken patch membrane
S source
SFET K
+-sensitivity of an open-gate FET
t time
T temperature
vmax maximum transport rate of an ion channel
V voltage
V i0 reversal potential of ions i in the bulk solution
Vin input voltage of a decoder
Vis voltage induced by the ion sensitivity of a surface
VB bulk voltage
Vcomp compensation voltage
VD drain voltage
VDD positive supply voltage of a FET (drain)
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Vdiff voltage induced by different ion concentration in cleft and bulk
VDS drain-source voltage
VGS gate-source voltage
VJ junction potential in the cleft between cell and FET
V iJ0 reversal potential of ions i in the cleft
VM membrane potential (physicists would call this “membrane voltage”)
VPCM voltage calculated by the point-contact model
VS source voltage
Vsens input voltage of the sensor
VSS ground connection of a FET (source)
Vstim stimulation voltage
Vth threshold voltage
Volcleft volume of the cleft between cell and surface
w width
W (f) spectral noise density
WG channel width of a FET
z valence of an ion
α scaling factor AJM/AFM
β exponent of the frequency in the expression f−β
ε0 dielectric constant (8.85 · 10−12AsV −1m−1)
εox dielectric constant of SiO2
εr relative dielectric constant
κ = dielectric constant εr
µ charge carrier mobility
ρM specific electrical resistance of a cell membrane
σ2 variance
τ time constant
Φ electric potential
Φ0 surface potential
ΦiJ Nernst-Planck potential for ion i
D.2 Technical Terms
AC alternating current
AD(C) analogue to digital conversion
ADP adenosine diphosphate
AFM atomic force microscopy
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ASCII American standard code for information interchange
ATP adenosine triphosphate
AV node atrioventricular node
bEAG1 channel bovine ether a` go-go channel 1
(C)MOS (complementary) metal oxide semiconductor
DAC digital to analogue conversion
DAQ board data acquisition board
DC direct current
DIC differential interference contrast
DIL package dual in-line package
DNA desoxyribonucleic acid
E17 embryonic day 17
EAG channel ether a` go-go channel
ECM extracellular matrix
EOS electrolyte-oxide-semiconductor
EPROM erasable programmable read only memory
EPSP excitatory postsynaptic potential
ES electrolyte solution
FCS fetal calf serum
FET field effect transistor
FG floating gate
FIB focussed ion beam
GABA gamma-aminobutyric acid
GND ground (potential)
HBSS Hank’s Buffered Salt Solution
HEK cell human embryonic kidney cell
IHL inner Helmholtz layer
IPSP inhibitory postsynaptic potential
ISFET ion sensitive FET
LOCOS local oxidation of silicon
LP low-pass
LPCVD low pressure chemical vapour deposition
MEA multi electrode array
OHL outer Helmholtz layer
ONO stack out of SiO2, Si3N4, SiO2
OP-amp operational amplifier
p.a. pro analysi
PBS phosphate buffered saline
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PC personal computer
PCM point-contact model
PECVD plasma enhanced chemical vapour deposition
RBS Rutherford backscattering
RCA Radio Corporation of America
RIE reactive ion etching
RMS root mean square
RTP rapid thermal processor
SA sensor array
SC1, SC2 Standard Cleaning Solution 1 respectively 2
SEM scanning electron microscope
TEM transmission electron microscope
TEOS tetraethylorthosilicate
VCC 5V voltage supply
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Zusammenfassung
Ziel dieser Arbeit war die Herstellung von “floating gate” Feldeffekt-Transistoren (FETs)
fu¨r die Kopplung von elektrisch aktiven Zellen. Bei dem vorgestellten Sensor-Aufbau
befindet sich die Sensorfla¨che oberhalb des Gate-Anschlusses und konnte – im Gegensatz
zu nicht-metallisierten FETs zur Zell-Kopplung – der Gro¨ße der zu messenden Zellen
angepasst werden. Der Transistor selbst wurde in Bezug auf sein Rauschverhalten
sowie den Gegenwirkleitwert optimiert. Zwei entscheidende Vorteile dieses Aufbaus sind
der geringe Platzbedarf der Sensoren, sowie ihre lange Lebensdauer unter Zellkultur-
Bedingungen, da das empfindliche Gate-Oxid vor der Elektrolytlo¨sung gut geschu¨tzt ist.
Die Funktion der Sensoren zur extrazellula¨ren Ableitung von Signalen wurde erfolgreich
mit verschiedenen Zellsystemen demonstriert. Im Vergleich zu nicht-metallisierten FETs
wurde eine versta¨rkte Drift festgestellt, die das Messen fu¨r einen la¨ngeren Zeitraum
einschra¨nkt. Fu¨r Messungen im Bereich von Minuten war diese Drift quasi-linear, und
konnte vom Sensorsignal abgezogen werden.
Der erste Teil des Herstellungsprozesses ist kompatibel zu einem Standard-CMOS
(complementary metal oxide semiconductor) Prozess, wie er in der Industrie angewendet
wird. Der zweite Teil des Prozesses wurde wa¨hrend dieser Arbeit entwickelt. Er umfasst
die Schicht der Leiterbahnen, sowie die Passivierung der Chips gegenu¨ber einem Elek-
trolyten. Um den Anforderungen der Depositionsanlage fu¨r die Passivierungsschichten
zu entsprechen, bestehen die Leiterbahnen sowie die Sensorfla¨chen aus Poly-Silizium.
Um den Widerstand der Leiterbahnen zu reduzieren, wurden diese mit Titan silizidiert.
Die Passivierung wurde u¨ber einen Schichtstapel aus Siliziumoxid, Siliziumnitrid und
Siliziumoxid realisiert. Anschließend wurden die Sensorfla¨chen freigea¨tzt und thermisch
oxidiert, um ein du¨nnes Sensor-Dielektrikum zu erhalten.
Auf den fabrizierten Wafern befanden sich verschiedene Chips mit einzelnen
elektronischen Bauteilen, logischen Schaltkreisen, Feldern individuell kontaktierter
Transistoren, adressierbaren Feldern oder speziellen Transistoren fu¨r die bidirektionale
Zell-Kopplung.
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Anhand von n-Kanal FETs unterschiedlicher Geometrie konnte der Einfluss der Gro¨ße
der Sensorfla¨che auf den Gegenwirkleitwert des Transistors untersucht werden. Die
Abschwa¨chung des Transistorsignals durch kleine Sensorfla¨chen konnte mit Hilfe eines
Ersatzschaltbildes simuliert werden. Die Kopplungseigenschaft der Transistoren wurde
mit embryonalen Rattenherzzellen erfolgreich getestet. Die Abha¨ngigkeit des Zellsignals
von Pharmaka wurde anhand von Isoproterenol, einem beta-adrenergen Rezeptoragonist-
en, dokumentiert. Dieses Experiment ist ein Hinweis auf die Eignung der pra¨sentierten
Transistoren fu¨r pharmakologische Studien.
Die p-Kanal Transistoren wiesen in Ihren Kennlinien ein diodisches Anlaufverhal-
ten auf, welches die tatsa¨chlich am Transistor anliegende Spannung reduziert. Eine
zusa¨tzliche Dotierung des p+-Kontaktbereiches sollte eine geeignete Lo¨sung fu¨r die noch
verbleibenden Prozesswafer darstellen. Die p-Kanal Transistoren eigneten sich dennoch
hervorragend fu¨r Zellkopplungen, wie mit Hilfe von embryonalen Rattenherzzellen
sowie einer embryonalen menschlichen Nierenzelllinie mit spannungsabha¨ngigen
Kalium-Kana¨len gezeigt wurde. Die Herzzellsignale wurden mit Hilfe des Punkt-Kontakt
Modells simuliert. Fu¨r die erfolgreiche Simulation der Nierenzell-Signale mussten neben
dem Punkt-Kontakt Modell noch Effekte wie Elektrodiffusion und die Ionensensitivita¨t
der Sensor-Oberfla¨che in Betracht gezogen werden.
Um die Abha¨ngigkeit der aufgenommenen Zellsignale vom Transistortyp (n-Kanal bzw.
p-Kanal) zu testen, wurde ein Sensor gebaut, bei dem die Sensorfla¨chen eines n-Kanal
und eines p-Kanal FETs unmittelbar nebeneinander liegen. So ko¨nnen Signale einer
Zelle mit beiden Transistoren gleichzeitig registriert werden. Erste Experimente wurden
mit der Nierenzelllinie durchgefu¨hrt, da das kinetische Verhalten dieser Zellen einerseits
gut bekannt ist, und andererseits durch a¨ußere Faktoren leicht zu beeinflussen ist.
Um die Anzahl der Sensoren pro Chip – und damit auch die Wahrscheinlichkeit einer
erfolgreichen Zell-Transistor-Kopplung – zu erho¨hen, wurden so genannte Zeilen-Spalten
Felder gebaut, bei denen jeder FET mit einer Spalten-Leiterbahn und einer Zeilen-
Leiterbahn elektrisch verbunden ist. Im Gegensatz zu individuell verbundenen Sensoren
konnte im Fall von Feldern mit 8 × 8 Sensoren die Anzahl der elektrischen Kontakte
zum Chip von theoretisch 128 auf 16 reduziert werden. Dabei kann mit bis zu zwei
FETs gleichzeitig gemessen werden. Mit Hilfe von Multiplexern sollte es mo¨glich sein,
gleichzeitig alle FETs anzusteuern. Mo¨glicherweise wird die maximale Abtastrate pro
Kanal durch parasita¨re Kapazita¨ten limitiert. Die Zeilen-Spalten Felder wurden erfolg-
reich mit embryonalen Rattenherzzellen sowie der Nierenzelllinie getestet. Zusa¨tzlich
wurden Felder mit 32 × 32 Sensoren gebaut, deren aktive Zeile bzw. Spalte u¨ber 5-Bit
Decoder gesteuert wird. Mit diesen Feldern war es mo¨glich einzelne FETs anzusteuern
und zu charakterisieren.
Um eine bidirektionale Zell-Kopplung mit den vorgestellten Transistoren zu erreichen,
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muss das “floating gate” elektrisch kontaktiert werden. Fu¨r diesen Kontakt wird ein
hochohmiges Bauteil beno¨tigt, da sonst der “floating gate” Effekt verloren geht, und
damit auch die Eignung als Sensor. Es wurden verschiedene Chips hergestellt, bei
denen die “floating gates” u¨ber jeweils ein bestimmtes Bauteil kontaktiert wurden.
Sowohl p-Kanal Schalttransistoren, Dioden als auch so genannte “Quasi-floating-gate”
Transistoren eigneten sich nicht fu¨r die Ankopplung des Gates. Mit Hilfe von Konden-
satoren dagegen blieben die Sensor-Eigenschaften der Transistoren erhalten. Mit diesen
kombinierten Transistoren konnten erfolgreich Zellen depolarisiert werden, und somit die
Eignung zur Zell-Stimulation nachgewiesen werden.
Die verschiedenen vorgestellten Felder von “floating gate” Transistoren waren gut fu¨r
die extrazellula¨re Einkopplung von Zellsignalen geeignet. Der besondere Aufbau der Sen-
soren schu¨tzt das empfindliche Gate-Oxid vor dem Elektrolyten und macht die Bauteile
langlebig und wieder verwendbar. Sensoren mit angekoppelten “floating gates” ko¨nnen
Zellen zusa¨tzlich stimulieren, und ermo¨glichen so eine bidirektionale extrazellula¨re Kopp-
lung elektrisch aktiver Zellen.
149
Zusammenfassung
150
Lebenslauf
Wohnhaft Ko¨nigsberger Straße 27a, 52428 Ju¨lich
Geboren 15. Ma¨rz 1973 in Karlsruhe
2002–2005 Doktorand am Forschungszentrum Ju¨lich GmbH
Institut fu¨r Schichten und Grenzfla¨chen (ISG)
Institut 2: Bio- und Chemosensoren (ISG2)
2001–2002 Wissenschaftlicher Mitarbeiter
Rheinische Friedrich-Wilhelms-Universita¨t Bonn
Institut fu¨r Informatik, Abteilung Neuroinformatik
1997–2001 Hauptstudium Biologie, Abschluss Diplom
Johann Wolfgang Goethe-Universita¨t Frankfurt am Main
1997–2000 Hauptstudium Physik, Abschluss Diplom
Johann Wolfgang Goethe-Universita¨t Frankfurt am Main
1994–1996 Grundstudium Biologie, Abschluss Vordiplom
Georg-August-Universita¨t Go¨ttingen
1993–1995 Grundstudium Physik, Abschluss Vordiplom
Georg-August-Universita¨t Go¨ttingen
1992–1993 Zivildienst
1983–1992 Leibniz-Gymnasium, Neustadt/Weinstraße, Abschluss Abitur
151

